CHAPTER 1. INTRODUCTION

1.1 Purpose

The purpose of this NUREG-series report is to introduce the principles of fire dynamics and
illustrate how fire protection inspectors can apply those principles in a risk-informed manner
to better determine whether credible fire scenarios are possible. In this context, we broadly define
the term “fire dynamics” as the scientific study of hostile fires. The dynamic nature of fire is a
quantitative and mathematically complex subject. It combines physics, chemistry, mathematics,
and engineering principles and can be difficult to comprehend for those who have a limited
background in these areas. With the objective of quantitatively describing fire and related
processes (i.e., ignition, flame spread, fire growth, and smoke movement) and their effects in an
enclosure, the Fire Dynamics Tools (FDT®) have been developed to assist fire protection inspectors
in solving fire hazard problems in nuclear power plants (NPPs).

The goal of this report is to provide insights into fire dynamics, without using the sophisticated
mathematics that are normally associated with the study of fire dynamics. Nonetheless, inspectors
will need a working knowledge of algebra, reading graphs, scientific notation, formulas, and use of
some simple mathematics functions to understand the quantitative aspect of fire phenomena.
A better understanding of these processes will improve the quality of fire protection inspections
conducted by the U.S. Nuclear Regulatory Commission (NRC).

1.2  Objective

The primary objective of this report is to provide a basic calculation methodology for use in
assessing potential fire hazards in the NRC-licensed NPPs. The methodology uses simplified,
quantitative fire hazard analysis (FHA) techniques to evaluate the potential for credible fire
scenarios. One purpose of these evaluations is to determine whether a potential fire can cause
critical damage to safe-shutdown components, either directly or indirectly by igniting intervening
combustibles. The methodology used in this report is founded on material fire property data
implemented in scientific calculations. In addition, the associated techniques have been assessed
to ensure applicability and accuracy, and were derived primarily from the principles developed in
the Society of Fire Protection Engineers (SFPE) Handbook of Fire Protection Engineering, and the
National Fire Protection Association (NFPA) Fire Protection Handbook. The FHA methods have
been implemented as Microsoft Excel® spreadsheets, which incorporate simple, empirical
correlations and detailed mathematical equations based on fire dynamics principles. They also
build on numerous tables of material fire property data, which have been assembled for NPPs. The
combination of these spreadsheets and data tables forms the basis for the FDT®.

1.3 Regulatory Background on Fire Protection for Nuclear Power Plants

The primary objectives of fire protection programs (FPPs) at U.S. NPPs are to minimize both the
probability of occurrence and the consequences of fire. To meet these objectives, the FPPs for
operating NPPs are designed to provide reasonable assurance, through defense-in-depth (DID),
that a fire will not prevent the performance of necessary safe-shutdown functions and that
radioactive releases to the environmentin the event of a fire will be minimized. Section I, “General
Requirements,” of Appendix R to Title 10, Part 50, of the Code of Federal Regulations (10 CFR
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Part 50), states that the fire protection program shall extend the DID concept to fire protection
in fires areas that are important to safety, with the following objectives:

(1) Prevent fires from starting.
(2) Rapidly detect, control, and extinguish those fires that do occur.
(3) Protect structures, systems, and components that are important to safety so that a fire that

is not promptly extinguished by the fire suppression activities will not prevent the safe
shutdown of the plant.

The first element of this DID approach deals with preventing fires from starting. This can be
accomplished by limiting fire sources that could initiate a fire atan NPP, and preventing any existing
ignition sources from causing self-sustaining fires in combustible materials. Despite the nuclear
industry’s best efforts to eliminate or at least control ignition sources, accidental (and purposeful)
sources of ignition often exist and can result in hostile fires. This is an important aspect of a total
fire safety program, which should not be overlooked.

The second element of the prevention element deals with rapidly detecting, controlling, and
extinguishing those fires that do occur. This can be achieved by preventing significant fires from
occurring, given the inadvertent or purposeful introduction of an ignition source. Ifall structures and
contents comprised totally noncombustible materials, this would not pose a problem. However, this
is not the case. Buildings and their contents are composed of a variety of materials of various
degrees of combustibility. Materials with higher thresholds of ignition and less hazardous
combustion are continually being developed. Regardless, at least in some cases, the higher
resistance to ignition can also result in a higher resistance to fire extinction (Hill, 1982). Electrical
cables are a good example. While cables qualified to the Institute of Electrical and Electronic
Engineers (IEEE) Standard 383 are more fire-resistant, they are also more difficult to extinguish
once they ignite. In any case, the prevention of hostile fires will likely never be the total solution to
the fire safety problem in NPPs.

The second element of the DID approach involves limiting fire spread through fire detection and fire
suppression. There are various approaches to this element. In the event of a significant fire,
its spread might be limited in the following ways:

. early human detection and manual suppression
. provision and maintenance of adequate fire detection and automatic fire suppression systems
. a combination of manual and automatic detection and suppression systems

Heatand smoke detectors; fire alarm systems; Halon 1301, carbon dioxide (CO,), and dry chemical
fire suppression systems; automatic sprinkler, foam, and water spray systems; portable fire
extinguishers; hose stations, fire hydrants, and water supply systems; and fire brigades are all part
of the second element of the DID approach. Each is highly developed in modern fire protection
designs, and is constantly being furtherrefined as fire technology advances. Nonetheless, the DID
concept recognizes that the first two elements of fire defense are not always entirely successful
in meeting the fire challenge.

The third element of the DID approach involves designing NPP structures, systems, and

components (SSCs) to prevent significantdamage in the eventthat the firsttwo elements fail, either
partially or fully. This goal may be fulfilled in the following ways:
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. Isolate combustible elements by spatial separation, such that a fire in one fuel package will
not propagate to any other fuel package.

. Isolate combustible elements by fire-resistant barriers to prevent fires from propagating from
one area to another. In particular, fire-rated horizontal and vertical barrier systems will limit
fire spread from compartment to compartment.

The NRC’s regulatory framework for FPPs at U.S. NPPs is described in a number of regulatory and
supporting guidelines, including but not limited to General Design Criterion (GDC) 3, as specified
in Appendix R to Title 10, Part 50, of the Code of Federal Regulations (10 CFR Part 50); 10 CFR
50.48; Appendix R to 10 CFR Part 50; Regulatory Guide (RG) 1.189 and other regulatory guides,
generic communications (e.g., generic letters, bulletins, and information notices), NUREG-series
reports; the standard review plan (NUREG-0800); and associated branch technical positions
(BTPs).

1.4 Fire Hazard Analysis for Nuclear Power Plants

As previously stated, fire protection for NPPs relies on the DID concept to achieve the required
degree ofreactor safety by usingredundantlevels of administrative controls, fire protection systems
and features, and safe-shutdown capability. An FHA should be performed to assess the fire hazard
and demonstrate that the NPP will maintain its ability to perform safe shutdown functions and
minimize radioactive material releases to the environment in the event of a fire.

RG 1.189 lists the following objectives for an FHA:
. Consider potential in situ and transient fire hazards.

. Determine the consequences of fire in any location in the plant, paying particular attention
to the impact on the ability to safely shut down the reactor or the ability to minimize and
control the release of radioactivity to the environment.

. Specify measures for fire prevention, fire detection, fire suppression, and fire containment,
as well as alternative shutdown capability for each fire area containing SSCs that are
important to safety in accordance with NRC guidelines and regulations.

1.5 Fire Protection Inspection Findings

Fire protection inspection findings are generally classified as weaknesses associated with one or
more objectives of the DID elements introduced above. If a given inspection does not yield any
DID-related findings against a fire protection feature or system, the fire protection feature and
system are considered to be capable of performing their intended functions and operating in their
normal (standby) state.
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1.6  Fire Scenario Development for Nuclear Power Plants

In the broadest sense, a fire scenario can be thought of as a specific chain of events that begins
with the ignition of a fire and ends either with successful plant shutdown or core damage. The fire
is postulated to occur at a specific location in a specific fuel package, and to progress through
various stages of fire growth, detection, and suppression. In this process, the fire may damage
some set of plant equipment (usually electrical cables). For a given fire source, the FHA may
postulate damage to various sets of equipment, depending on how long the fire burns and how
large the initial fire is presumed to be. The postulated or predicted fire damage may either directly
or indirectly cause the initiating event (such as a plant trip, loss of offsite power, etc.).

When inspectors develop a fire scenario, they should postulate the worst-case, realistic fire,
provided that the compartment and configuration of the fire area, room, or zone can support such
a fire. For example, a large cabinet fire is one in which fire damage initially extends beyond the
cabinetin which the fire originated. The fire damage attributed to a large cabinet fire often extends
into the overhead cabling, an adjacent cabinet, or both. A large fire for a pump or motor can often
be based initially upon the largest (worst-case) oil spill from the equipment. If the configuration of
the compartment, combustibles, etc., supports further growth of the large fire, the fire scenario
should postulate that growth. Since scenarios that describe large fires are normally expected to
dominate the risk-significance of an inspection finding, scenarios with small fires typically are not
included unless they spread and grow into large fires.

1.7  Process of Fire Development

Fire hazards to NPP equipment can arise from many sources, including (but not limited to) thermal
damage, fouling, and corrosivity. Fire is essentially a chemical reactioninvolving solids, liquids, and
gases that ignite and undergo a rapid, self-sustaining oxidation process, accompanied by the
evolution of heat and light of varying intensities. However, the chemical and physical reactions that
take place during a fire are extremely complex and often difficult to describe completely. The most
common fires start as a result of the ignition of solid or liquid fuels (combustible materials). Solid
and liquid fuels typically become volatile and serve as suppliers of gaseous fuel to support
combustion. In the physical model (illustrated in Figure 1-1) the process of fire development begins
when the fuel surface starts to heat up as a result of heat transfer from the adjacent surroundings.
As the temperature of the fuel surface increases in response to this heat input, the fuel surface
begins to emit fuel vapors. The fuel vapors mix (by convection and diffusion) with oxygen in the
adjacent boundary layer, ignite (through a chemical reaction), and release additional heat. Some
of this liberated heat energy may further increase the surface temperature of the fuel and thereby
accelerate the fire growth process.

Many materials react with oxygen to some degree; however, various materials differ in their
respective rates of reaction. The difference between slow-and rapid-oxidation reactions is that the
latter occur so rapidly that heat is generated faster than it is dissipated, causing the material being
oxidized (fuel) to reach its ignition temperature. Once a material reaches its ignition temperature,
it ignites and continues to burn until either the fuel or the oxygen is consumed. The heatreleased
during combustion is usually accompanied by a visible flame. However, some materials (such as
charcoal) smolder, rather than producing a visible flame. A familiar slow-oxidation reaction is the
rusting of iron. Such a reaction releases heat so slowly that the temperature hardly increases more
than a few degrees above the temperature of the surroundings. These reactions typically do not
cause fires and are not considered combustion.
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Figure 1-1 Physical Process of Combustion and Fire

Generally, three components are required to support combustion. These three components— fuel,
oxygen, and heat source—are depicted in Figure 1-2, which is commonly called the fire triangle.
The fire triangle shows that for combustion to occur, fuel, an oxidizing agent, and a heat source
must be present in the same place at the same time. If any one of the legs of the triangle is
removed, the combustion process will not be sustained. This is the most basic description of the
fire phenomenon. It is applicable for most scenarios, with the exception of fire extinguishment
involving dry chemicals and Halons.
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1-5



1.8 The Fire Hazards

The fire load of NPPs is different than that of fossil-fuel power plants and many other industrial
plants. An NPP does not have a constant flow of fuel (e.g., coal or oil) as the hazard. However,
an NPP may have similar fire hazards, such as grouped electrical cables and lubricating oils (e.g.,
turbine, reactor coolant pumps). Table 1-1 lists the combustibles and hazardous materials that are
commonly present in NPPs.

Table1-1. Common Combustible and Hazardous Materials in NPPs

Combustible solid fuels

Cable insulation and jackets

Other thermal and electric insulation materials ( e.g., pipe insulation)

Building materials

Combustible metal deck and roof assemblies

Filtering materials including charcoal and high-efficiency particulate air (HEPA) filters
Packing materials and waste containers

Flexible materials used in connection with a seismic design, including flexible joints
Sealing materials (e.g., asphalt, silicone foam, neoprene, etc.)

Solidification agents for packing compacted radioactive waste conditioning (e.g., bitumen)
Low-level radioactive waste material (e.g., paper, plastic, anti-C-zone clothing, rubber shoes and
gloves, overalls, etc.)

Combustible and flammable liquid fuels

Lubricants, hydraulic oil, and control fluids

Conventional fuels for emergency power units, auxiliary boilers, etc.
Paints and solvents

Explosive and flammable gaseous fuels

Hydrogen to cool the generators

Propane or other fuel gases, such as those used for starting boilers, burning radwaste, etc.
Oxygen and hydrogen radiolysis of reactor coolant water within the pressure vessel and addition of
hydrogen for improved recombination

Hydrogen generated in battery room as a result of overcharging a battery

The quantities and locations of these combustibles vary among NPPs. More importantly,
identification of these combustibles and their characteristics only partially identifies the associated
fire hazard. The bearing that the fire hazards have on nuclear safety must also be considered in
defining the total fire hazard. Nuclear safety factors include maintaining the safe-shutdown
capability and preventing radiation releases that exceed acceptable limits.

Fire hazards related to NPPs include (but are not limited) to the following examples:

. fire hazard associated with electrical cable insulation

. fire hazard of ordinary combustibles

. oil fire hazards associated with large reactor coolant pump motors

. oil fire hazard involving emergency turbine-driven feedwater pumpsdiesel fuel fire hazard
at diesel-driven generators

. fire hazard involving charcoal in filter units

. fire hazard associated with flammable offgases

. fire hazard of protective coatings

. fire hazard of turbine lube oil and hydrogen seal oil
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. hydrogen cooling gas fire hazard in turbine generator buildings
. fire hazard associated with electrical switchgear, motor control centers (MCCs), electrical
cabinets, load centers, inverter, circuit boards, and transformers

1.8.1 Combustible Materials Found in Nuclear Power Plants

Combustible materials may be found in both large and small concentrations in NPPs. One can
assume that outbreaks of fire may occur as a result of a variety of ignition sources. In general, the
combustible materials in an NPP can be divided into four broad fuel categories, including

(1) transient solid and liquid fuels, (2) in situ combustible consisting both solid and liquid fuels,
(3) liquid fuels used in NPP equipment, and (4) explosive and flammable gases, as described in the
following sections.

1.8.1.1 Transient Combustibles

Solid transient fuels include general trash, paper waste, wood, plastics, cloth, and
construction/modification materials. By contrast, liquid transient fuels commonly include cleaning
solvents, paints, and lubricants being transported through the NPP for maintenance of plant
equipment. These fuels are generally found in small quantities in most NPP areas at any given time.

1.8.1.2 In Situ Combustibles

The most common category of potential fuels found in NPPs is that of in situ solid fuel elements.
Ofthese, the largest single potential fuel source is cable insulation and jacketing materials. Several
factors combine to support the conclusion that cable insulation and jacketing material far and away
represent the mostimportant materials to be considered in an NPP FHA, although any other plastic
compounds installed in the NPP must also be included in the FHA. Cable insulation and jackets
are typically manufactured using organic compounds and, therefore, they willburn under the proper
circumstances.

The fire hazard associated with electrical cable insulation and jackets in NPPs is similar to that of
other occupancies (e.g., telephone exchange) that use cable trays to support a large number of
power, control, and instrument cables. However, an additional factor in NPPs is the added hazard
associated with loss of reactor safety system redundancy.

A wide variety of cable insulation and jacketing materials can be commonly found in any given NPP.
Cable insulation and jackets commonly encountered in an NPP include materials based on the
following compounds:

. acrylonitrile-butadiene-styrene (ABS)

. chlorinated polyvinylchloride (CPVC)

. chlorosulfonated polyethylene rubber (CSP) (Hypalon®)

. chlorotrifluoroethylene (CTEF) (Kel-F®)

. cross-linked polyolefin (XLPO) including the more specific class of cross-linked
polyethylene (XLPE)

. ethylenetetrafluoroethylene (ETFE) (Tefzel®)

. ethylene-propylene rubber (EPR)

. fluorinated polyethylene propylene (FEP) (Teflon®)

. neoprene or chloroprene rubber (CR)
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. polycarbonate (PC)

. polyethylene (PE)

. polyethylene fluoride (PEF)

. polyethersulphone (PES)

. polypropylene (PP)

. polystyrene (PS)

. polytetrafluoroethylene (PTEF) (Teflon®)
. polyurethane (PU)

. polyvinyl chloride (PVC)

. silicone and silicone/rubber compounds
. styrene-butadiene rubber (SBR)

. tetrafluoroethylene (TFE) (Teflon®)
1.8.1.3 Liquid Fuels

Liquid fuels include lubricating and cooling oils, cleaning solvents, and diesel fuels. These items
are commonly used in pumps, motor generators, hydraulic-operated equipment, diesel-driven
engines, transformers, and other equipment that require lubrication and cooling with heat
transferring oils. Fires involving such types of equipment are relatively common and usually results
from leakage or overheating.

1.8.1.4 Explosive and Flammable Gases

Explosive and flammable gases are often present in an NPPs. The most common is hydrogen,
which is present as a blanket inside the main generator and a byproduct of reactor operation
(through dissociation of water). Battery rooms in NPPs are also a source of hydrogen gas
production.

Gases can be categorized as flammable and nonflammable. In addition, some gases are not
flammable but support combustion. For example, oxygen does not burn; however, most fires burn
more rapidly if the oxygen concentration is increased.

A general word of caution about gaseous fuels: when a compressed gas, like butane, is released,
the visible vapor cloud indicates that the gas is colder than the air temperature and, consequently,
condensing the moisture in the air. It appears much like a fog; however, this visible cloud is not the
extent of the gaseous vapor. This is because the vapor disappears from view as it warms up, but
may still linger in the area. Thus, it is possible to stand in an invisible gaseous vapor with a
concentration that is within the flammable range. If the vapor were to ignite, the person could be
burned severely, if not killed.
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1.9 Location of the Fire

Exposure fires involving transient combustibles are assumed to have an equal probability of
occurring anywhere in a space or an enclosure, while fires involving fixed combustibles are
assumed to occur at the site of the fixed combustible. Since the hazard is greater when a fire is
located directly beneath a target (e.g., cable tray or electrical cabinet), this placement is normally
evaluated for scenarios involving transient combustibles. For fixed combustibles, the actual
geometry between the source and the targetis evaluated to determine whether the targetis located
in the fire plume or ceiling jet region.

1.10 Risk-Informed, Performance-Based Fire Protection

Risk-informed, performance-based fire protection is an integration of decision-based and
quantitative risk assessment with a defined approach for quantifying the performance success of
fire protection systems (FPSs) (Barry, 2002).

Performance-based fire safety engineering is defined as “An engineering approach to fire protection
design based on (1) agreed upon fire safety goals, loss objectives, and design objectives;
(2) deterministic and probabilistic evaluation of fire initiation, growth, and development; (3) the
physical and chemical properties of fire and growth effluents; and (4) a quantitative assessment of
the effectiveness of design alternatives against objectives,” (Custer and Meacham, 1997).

One primary difference between prescriptive and performance-based designs is that a fire safety
goal, life safety, property protection, mission continuity, and environmental impact are explicitly
stated in the performance-based design, while prescriptive requirements may inhibit fire safety
components from the design. Performance-based fire protection design is widely gaining
acceptance by various countries around the world including United States. The application of
performance-based approach to fire safety analysis will certainly continue to gain widespread
acceptance in the future as an alternative to prescriptive building and fire codes.

Risk is a quantitative measure of fire incident loss potential in terms of both the event likelihood and
aggregate consequences. In the risk-informed approach, the analyst considers the likelihood that
a fire will occur, as well as its potential severity of a fire and consequences. For example, based
on the knowledge and experience of the equipment operator, a fire in a given turbine generator is
likely to occur 80 percent of the time. Similarly based on the knowledge and experience of the fire
protection engineer, the sprinkler system protecting that generator is 90-percent likely to contain
and control that fire. Because the risk-informed, performance-based methodology quantifies the
likelihood of a fire hazard and the likelihood that the fire protection system will contain or control the
fire, it provides a more realistic prediction of the actual risk.

The risk-informed, performance-based approach presents a more realistic predication of potential
fire hazards for a given system or process or for an entire operation. The performance-based
approach provides solutions based on performance to established goals, rather than on prescriptive
requirements with implied goals. Solutions are supported by operator and management about
processes, equipment, and components; the buildings or structural housing them; operation data
and maintenance personnel; and the fire protection systems in place. Published performance data
pertaining to these aspects are also incorporated into the analysis.
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1.11 Data Sources for Combustible Materials Found in Nuclear Power Plants
The following references provide fire property data related to NPPs:

Chavez, J.M., “An Experimental Investigation of Internally Ignited Fires in Nuclear Power Plant
Control Cabinets: Part I, Cabinet Effects Tests,” NUREG/CR-4527, Volume 2, U.S. Nuclear
Regulatory Commission, Washington, DC, April 1987.

Chavez, J.M., “An Experimental Investigation of Internally Ignited Fires in Nuclear Power Plant
Control Cabinets: Part Il, Room Effects Tests,” NUREG/CR-4527, Volume 1, U.S. Nuclear
Regulatory Commission, Washington, DC, November 1988.

Chavez, J.M., and L.D. Lambert, “Evaluation of Suppression Methods for Electrical Cables Fires,”
NUREG/CR-3656, U.S. Nuclear Regulatory Commission, Washington, DC, October 1986.

Chan, M.K.W., and J. Mishima, “Characteristics of Combustion Products: A Review of the
Literature,” NUREG/CR-2658, U.S. Nuclear Regulatory Commission, Washington, DC, July 1983.

Cline, D.D., W.A., Von Riesemann, and J.M. Chavez, “Investigation of Twenty-Foot Separation
Distance as a Fire Protection Method as Specified in 10 CFR 50, Appendix R,” NUREG/CR-3192,
U.S. Nuclear Regulatory Commission, Washington, DC, October 1983.

Cooper, L.Y., and K.D. Steckler, “Methodology for Developing and Implementing Alternative
Temperature-Time Curves for Testing the Fire Resistance of Barriers for Nuclear Power Plant
Applications,” NUREG-1547,U.S. Nuclear Regulatory Commission, Washington, DC, August 1996.

Delichatsios, M.A., “Categorization of Cable Flammability Detection of Smoldering and Flaming
Cable Fires,” EPRI-NP-1630, Electric Power Research Institute, Palo Alto, California, November
1980.

Dey, M., A.A. Azarm, R. Travis, G. Martinez-Guridi, and R. Levine, “Technical Review of Risk-
Informed, Performance-Based Methods for Nuclear Power Plant Fire Protection Analysis,” NUREG-
1521, Draft Report for Public Comments, U.S. Nuclear Regulatory Commission, Washington, DC,
July 1988.

Keski-Rahkonen, O., J. Mangs, and A. Turtola, “Ignition of and Fire Spread on Cables and
Electronic Components,” VTT Publication 387, Technical Research Center of Finland, Espoo,
Finland, 1999.

Klamerus, L.J., “Electrical Cables Fire Suppression Tests with Halon 1301,” SAND81-1785, Sandia
National Laboratories, Albuquerque, New Mexico, August 1981.

Lee, B.T., “Heat Release Rate Characteristics of Some Combustibles Fuel Sources in Nuclear
Power Plants,” NBSIR 85-3195, U.S. Department of Commerce, National Bureau of Standards
(NBS), Washington, DC, July 1985.

Lee, J.L., and R.F. Pion, “Categorization of Cable Flammability, Part |: Laboratory Evaluation of
Cable Flammability Parameters,” EPRI-NP-1200, Electric Power Research Institute, Palo Alto,
California, July 1980.
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EPRINP-1767, Electric Power Research Institute, Palo Alto, California, March 1981.
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Raughley, W.S., and G.F. Lanik, “Operating Experience Assessment Energetic Faults in 4.16-kV
to 13.8-kV Switchgear and Bus Ducts that Caused Fires in Nuclear Power Plants 1986-2001,”
ADAMS Accession # ML021290359, Office of Nuclear Regulatory Research, U.S. Nuclear
Regulatory Commission, Washington, DC, February 2002.

Salley, M.H., “An Examination of the Methods and Data Used to Determined Functionality of
Electrical Cables When Exposed to Evaluated Temperatures as a Result of a Fire in a Nuclear
Power Plant,” Master of Science Thesis, Department of Fire Protection Engineering, University of
Maryland, College Park, Maryland, 2000.



Sumitra, P.S., “Categorization of Cable Flammability, Intermediate-Scale Fire Tests of Cable Tray
Installations,” Interim, Report, EPRI-NP-1881, Electric Power Research Institute, Palo Alto,
California, August 1981.

Tanaka, T.J., S.P. Nowlen, and D.J. Anderson, “Circuit Bridging of Components by Smoke,”
NUREG/CR-6476, U.S. Nuclear Regulatory Commission, Washington, DC, October 1996.

Tanaka, T.J., “Effects of Smoke on Functional Circuits,” NUREG/CR-6543, U.S. Nuclear Regulatory
Commission, Washington, DC, October 1997.

Tanaka, T.J., E. Baynes, S.P. Nowlen, J. Brockmann, L. Gritzo, S. Christopher, “LDRD Report:
Smoke Effects on Electrical Equipment, SAND2000-0599, Sandia National Laboratories,
Albuquerque, New Mexico, March 2000.

Wyant, F.J.,and S.P. Nowlen, “Cable Insulation Resistance Measurements Made During Cable Fire
Tests,” NUREG/CR-6776, U.S. Nuclear Regulatory Commission, Washington, DC, June 2002.
112 References

Barry, T.F., Risk-Informed, Performance-Based Industrial Fire Protection, T.F. Barry Publications
and Tennessee Valley Publishing, Knoxville, Tennessee, 2002.

Code of Federal Regulations, Title 10, Energy, Section 50.48, “Fire Protection,” U.S. Government
Printing Office, Washington DC.

Code of Federal Regulations, Title 10, Energy, Part 50, Appendix A, “General Design Criterion 3 —
Fire Protection,” U.S. Government Printing Office, Washington DC.

Code of Federal Regulations, Title 10, Energy, Part 50, Appendix R, “Fire Protection Program for
Nuclear Power Facilities Operating Prior to January 1, 1979,” U.S. Government Printing Office,
Washington DC.

Custer, R.L.P., and B.J. Meacham, Introduction to Performance-Base Fire Safety, Society of Fire
Protection Engineers, Boston, Massachusetts, 1997.

Hill, J.P., “Fire Tests in Ventilated Rooms: Extinguishment of Fire in Grouped Cable Trays,” EPRI
NP-2660, Electric Power Research Institute, Palo Alto, California, 1982.

Nuclear Regulatory Commission, “Fire Protection for Operating Nuclear Power Plants,” Regulatory
Guide 1.189, April 2001.

Nuclear Regulatory Commission, BTP APCSB 9.5-1, “Guidelines for Fire Protection for Nuclear
Power Plants,” May 1, 1976.

Nuclear Regulatory Commission, “Appendix Ato BTP APCSB 9.5-1 - Guidelines for Fire Protection
for Nuclear Power Plants, Docketed Prior to July 1, 1976,” February 24, 1977.



Nuclear Regulatory Commission, BTP ASB 9.5-1, “Guidelines for Fire Protection for Nuclear Power
Plants,” Revision 1, March 1979.

Nuclear Regulatory Commission, BTP CMEB 9.5-1 (Formerly ASB 9.5-1), “Guidelines for Fire
Protection for Nuclear Power Plants,” Revision 2, July 1981.

Nuclear Regulatory Commission, NUREG/BR-0010, “Citizen’s Guide to U.S. Nuclear Regulatory
Commission Information,” Revision 4, August 2003.

1.13 Additional Readings

National Fire Protection Association, NFPA 805, Performance-Based Standard for Fire Protection
for Light-Water Reactor Electric Generating Plants, Quincy, Massachusetts, 2001.

Society of Fire Protection Engineers, SFPE Engineering Guide to Performance-Based Fire
Protection, Analysis and Design of Buildings, Bethesda, Maryland, 2000.

Society of Fire Protection Engineers, The SFPE Code Official’s Guide to Performance-Based
Design Review, Bethesda, Maryland, 2004.






CHAPTER 2. PREDICTING HOT GAS LAYER TEMPERATURE
AND SMOKE LAYER HEIGHT IN A ROOM FIRE
WITH NATURAL AND FORCED VENTILATION

21 Objectives

This chapter has the following objectives:

. Explain the different stages of a compartment fire.

. Identify the types of forced and natural ventilation systems.

. Explain how the various types of forced ventilation systems work.

. Describe how to calculate the hot gas layer temperature and smoke layer height for a fire

in a compartment with both natural and forced ventilation systems.

2.2 Introduction

In evaluating the environmental conditions resulting from a fire in an enclosure, it is essential to
estimate the temperature of the hot fire gases. These elevated temperatures can often have a
direct impact on nuclear power plant (NPP) safety. A temperature estimate is also necessary in
order to predict mass flow rates in and out through openings, thermal feedback to the fuel and other
combustible objects, and thermal influence (initiating stimulus) on detection and suppression systems.
Heat from a fire poses a significant threat to the operation of NPPs, both when the component and
equipment come in contact with heated fire gases and when heat is radiated from a distance.

2.3 Compartment Fire Growth

A compartment or enclosure fire is usually a fire that is confined to a single compartment within a
structure. Ventilation is achieved through open doors and windows, as well as heating, ventilation,
and air conditioning (HVAC) systems. Such a fire typically progresses through several stages
(or phases) as a function of time, as discussed in the next section.

2.3.1 Stages of Compartment Fires

Initially, fire in a compartment can be treated as a freely burning, unconfined fire. This treatment
is a valid approximation until thermal feedback or oxygen depletion in the compartment becomes
significant. In many ventilated spaces, the ventilation is stopped automatically under fire conditions,
either through the shutdown of fan units or the closing of fire doors and dampers. In other spaces,
however, ventilation systems may continue to operate or unprotected openings may remain open.
The course of compartment fires, and the conditions that result, depend on the following variables
(among others):

. fire heat release rate (HRR) of the combustible
. enclosure size

. enclosure construction

. enclosure ventilation
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Conceptually, compartmentfires can be considered in terms of the four stages illustrated in Figures
2-1 and 2-2. The initial stage of compartment fires is the fire plume/ceiling jet phase. During this
stage, buoyant hot gases rise to the ceiling in a plume above the fire and spread radially beneath
the ceiling as a relatively thin jet. Asthe plume gases rise to the ceiling, they entrain cool, fresh air.
This entrainment decreases the plume temperature and combustion product concentrations, but
increases the volume of smoke. The plume gases impinge upon the ceiling and turn to form a
ceiling jet, which can continue to extend radially until itis confined by enclosure boundaries or other
obstructions (such as deep solid beams at the ceiling level).

Once the ceiling jet spreads to the full extent of the compartment, the second stage of compartment
fires ensues. During this stage, a layer of smoke descends from the ceiling as a result of air
entrainment into the smoke layer and gas expansion attributable to heat addition to the smoke
layer. The gas expansion,in turnincreases the average temperature of the smoke layer. However,
the continuing entrainment of cool, fresh air into the smoke layer tends to slow this temperature
increase.

The duration of this second stage (an unventilated compartment smoke filling phase) depends on
the HRR of the fuel, the size and configuration of the compartment, the heat loss histories, and the
types and locations of ventilation openings in the compartment. In closed compartments, the
smoke layer continues to descend until the room is filled with smoke or until the fire source burns
out, as a result of either fuel consumption or oxygen depletion. In ventilated compartments, the
smoke layer descends to the elevation where the rate of mass flow into the smoke layer is balanced
by the rate of flow from the smoke layer through natural or mechanical ventilation.

The preflashover vented fire stage begins when smoke starts to flow from the compartment.
Ventilation may occur naturally through openings in compartment boundaries (such as doorways),
or it may be forced by mechanical air handling systems. The smoke layer may continue to expand
and descend during the preflashover vented fire stage.

The final stage of compartment fires, known as the postflashover vented phase, represents the
most significant hazard, both within the fire compartment and as it affects remote areas of a
building. This stage occurs when thermal conditions within the compartment reach a point at which
all exposed combustibles ignite, virtually simultaneously in many cases, and air flow to the
compartment is sufficient to sustain intense burning. During this stage, the rate of air flow into the
compartment and, consequently, the peak rate of burning within the compartment, become limited.
The ventilation is limited by the sizes, shapes, and locations of boundary openings for naturally
ventilated spaces, or by the ventilation rate from mechanically ventilated spaces. With adequate
ventilation, flames may fill the enclosure volume and result in a rapid change from a developing
compartment fire to full compartment involvement. This point is commonly referred to as
“flashover.” Flashover is the point in compartment fire development which can evolve as a rapid
transition from a slowly growing to fully developed fire. The underlying mechanism in this
phenomenon is essentially a positive feedback from the fire environment to the burning fuel. The
formation of a hot ceiling layer at the early stages of a fire leads to radiative feedback to the fuel,
which, in turn, increases the burning rate and the temperature of the smoke layer. If heat losses
from the compartment are insufficient, a sharp increase in the fire’s power (i.e., flashover) will
eventually occur.
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The International Organization for Standardization (ISO) formally defines flashover as “the rapid
transition to a state of total surface involvement in a fire of combustion material within an
enclosure.” In fire protection engineering, the term is used as the demarcation point between the
preflashover and postflashover stages of a compartment fire. Flashover is not a precise term, and
several variations in its definition can be found in the literature. The criteria given usually require
thatthe temperature in the compartmentreaches 500 to 600 °C (932 to 1,112 °F), the radiation heat
transfer to the floor of the compartment is 15 to 20 kW/m? (1.32 to 1.76 Btu/ft’>-sec), or flames
appear from the compartment openings. In a compartment with one opening, flashover is
principally described by four stages. Specifically, the hot buoyant plume develops at the first stage
following ignition, and then reaches the ceiling and spreads as a ceiling jet during the second stage.
During the third and fourth stages, the hot layer expands and deepens, while flow through the
opening is established.

Flashover usually causes the fire to reach its fully developed state, in which all of the fuel within the
room becomes involved. However, all of the fuel gases may not be able to combust within the room
because the air supply is limited. Such an air-limited fire is commonly termed “ventilation-limited”
or “ventilation-controlled”, as opposed to a “fuel-limited” fire, which is a fire that has an ample supply
of oxygen and is limited by the amount of materials (fuel) burning.

2.3.2 Ventilation-Limited or Ventilation-Controlled Fires

A ventilation-limited or ventilation-controlled fire is one that experiences low oxygen concentration
as a result of insufficient air supply. The hot fire gases typically have nearly zero oxygen.

2.3.3 Fuel-Limited Fires

In contrast to a ventilation-limited fire, a fuel limited fire is a compartment fire in which the air supply
is sufficient to maintain combustion, but the amount of fuel that is burning limits the fire size.

2.4 Compartment Ventilation

General ventilation system design controls heat, odors, and hazardous chemical contaminants.
General ventilation can be provided by mechanical systems, by natural draft, or by a combination
of the two. Examples of combination systems include (1) mechanical supply with air relief through
louvers and/or other types of vents and (2) mechanical exhaust with air replacement inlet louvers
and/or doors. Natural ventilation is a controlled flow of air caused by thermal and wind pressure.

Mechanical or forced ventilation is accomplished with fans to create the pressure differentials to
produce the desired flows of air. Exhaustin the ventilation process thatdraws noxious air entrained
particulate and vapors from a compartment, collect them into ducts for transport to the outside or
to equipment that cleans the air before discharging it to the outside or returning it to the area of
origin. In a closed area, exhaust cannot operate at the flows required without having an equal
supply of makeup air available. “Makeup air” and “replacement air” are the terms commonly used
to refer to the air that has to be brought into a space to limit pressure gradients so that the exhaust
process can operate as designed. This air may be brought directly into a space via ducts or
indirectly via openings from adjacent areas. The quantity of makeup air must be of a sufficient flow
rate to allow the exhaust system to operate within its pressure differential design parameters, yet
not be so great as to create a positive pressure within the compartment.
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Mechanically ventilated compartments are a common environment for fire growth in NPP structures.
A fire in a forced-ventilation compartment is markedly different than in a compartment with natural
ventilation. An important factor is that the stratified thermal hot gas layer induced by the fire in a
naturally ventilated compartment may be unstable in a forced ventilation compartment. Normally,
a ventilating system recirculates most of the exhaust air. If normal operation were to continue
during a fire, this recirculation could result in smoke and combustion products being mixed with
supply air, and the contaminated mixture being delivered throughout the ventilation zone.
To prevent this, dampers are often placed in the system. Upon fire detection in an engineered
smoke control system, the damper positions are changed so that all exhaust from the fire zone is
dumped, and 100-percent makeup air is drawn from outside the building.

The following four general types of mechanical ventilation systems are commonly encountered,
as illustrated in Figure 2-3.
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Figure 2-3 Types of Mechanical Ventilation Systems
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2.41 Definitions

. Push Systems - Push systems mechanically supply fresh (outside) air into a compartment
at the design volumetric flow rate of the system, while air expulsion occurs freely through
transfer grills, registers, or diffusers in the compartment.

. Pull Systems - Pull systems mechanically extract hot gases (smoke) from a compartment.
Pull systems are designed to extract smoke from a compartment based on the volumetric
flow rate of the system. The density of smoke is normally less than that of ambient air
because the smoke is at an elevated temperature.

. Push-Pull Systems - Push-pull systems both inject and extract air mechanically, with the
supply and exhaust fan units typically sized and configured to produce balance supply and
exhaust rates under normal operation. Push-pull systems cannot continue to operate at
their balanced design flow rate under fire conditions. If the supply and exhaust fan units
continue to inject and extract air atthe same balanced design volumetric flow rates, the rate
of mass injection will exceed the rate of mass extraction because of the difference in the
densities of the supply and exhaust streams.

. Recirculation Systems - Recirculation systems typically use a single fan unitto mechanically
extract air from a space, condition it, and return it to the same space.

. Volume Flow Rate handled by the fan is the number of cubic feet of air per minute (cfm)
expressed at fan inlet conditions.

. Fan Total Pressure Rise is the fan total pressure at the outlet minus the fan total pressure
at all inlet (in. of water).

. Fan Velocity Pressure is the pressure corresponding to the average velocity determined
from the volume flow rate and fan outlet area (in. of water).

. Fan Static Pressure Rise is the fan total pressure rise diminished by the fan velocity
pressure. The faninlet velocity head is assumed to be equal to zero for fan rating purposes
(in. of water).

2.5 Temperature

When discussing gases, temperature is a measure of the mean kinetic energy of the molecules in
a gas. Temperature defines the conditions under which heat transfer occurs. A gas temperature,
T,, describes precisely the state of the average molecular energy in that gas. However that
description is not particularly useful for the purposes of describing the physical phenomena that are
relevant to fire science. In a broad sense, temperature can be thought of as a measure of the state
of a system. Materials behave differently at different temperatures. Water, for example, at
atmospheric pressure, is solid below 0 °C (32 °F), liquid between 0 °C (32 °F) and 100 °C (212 °F),
and gaseous above 100 °C (212 °F). Similarly, plastic materials begin to gasify at a certain
temperature. At a slightly higher temperature, they gasify enough to ignite, and at still higher
temperatures, they may self-ignite. For our purpose, then, temperature can be viewed as an
indicator of the state of an object system.

2-6



There are standard ways to define temperature. The mostcommon are the Fahrenheitand Celsius
scales of temperature. Related to these scales is the Kelvin absolute temperature scale’.
The correspondence between the scales is illustrated in Table 2-1.

Table 2-1. Temperature Conversions

Original Unit Conversions

Celsius, T, Fahrenheit, T, Kelvin, T,
Celsius, T, - 9/5 (T.) + 32 To+273.15
Fahrenheit, T, 5/9 (T¢ -32) - 5/9 (T, + 459.7)
Kelvin, T, T -273.15 9/5 (T - 255.37) -

The difference between the relative temperature scale and its absolute counterpart is the starting
point of the scale. Thatis, 0 °C is equal to 273 Kelvin and each degree on the Celsius scale is
equal to 1 degree on the Kelvin scale. By contrast, the English unit temperature scale and Sl
(metric) unit temperature scale differ in two main ways. Specifically, zero is defined differently in
Celsius than in Fahrenheit, and one degree Fahrenheit represents a different quantity of heat than
one degree Celsius for a given heat capacity and mass. It is important to remember that these
temperature scales are arbitrary, but they relate to important physical processes and the effect of
temperature on an object is what we are really interested in.

Table 2-2 lists the critical temperatures for different exposure conditions and the resultant effects
on humans.

Table 2-2. Critical Temperatures for Different Exposure Conditions and Effects on Humans
[Chartered Institution of Building Services Engineers (CIBSE) Guide E. With permission.]

Type and Period of Heat Exposure Temperature Effect
°C (°F)
Radiation 185 (365) Severe skin pain
Conduction (metal) (1 second) 60 (140) Skin burns
Convection (30 minutes) 100 (212) Hyperthermia
Convection (< 5 minutes) 120 (248) Skin and lungs are burned by hot gases
Convection (<1 minute) 190 (374) Skin and lungs are burned by hot gases

The Rankine scale is used for absolute zero in the English units. Since most fire dynamics
equations will be solved in Sl units, it will not be discussed here.
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In order to calculate or predict the temperatures in a compartment, a description or analytical
approximation of the fire phenomena must be created in quantitative terms. This approximation is
described in terms of physical equations for chemistry, physics, mathematics, fluid mechanics, and
heat and mass transfer, which can be solved to predict the temperature in the compartment. Such
an approximation, therefore, is an idealization of the compartment fire phenomena (i.e., ignition,
flame spread, and burning rate).

2.6 Estimating Hot Gas Layer Temperature

This section presents methods predicting the temperature achieved by the hot gas layer in an
enclosure fire; these methods are currently the most widely accepted in the fire protection
engineering literature. Nonetheless, the methods employ assumptions and limitations, which must
be understood before using any of the methods presented.

2.6.1 Natural Ventilation: Method of McCaffrey, Quintiere, and Harkleroad (MQH)

The temperatures throughout a compartment in which a fire is burning are affected by the amount
of air supplied to the fire and the location at which the air enters the compartment. Ventilation-
limited fires produce different temperature profiles in a compartment than well-ventilated fires.

A compartment with a single rectangular wall opening (such as a door or window) is commonly
used for room fire experiments. They also are commonly involved in real fire scenarios, where a
single door or vent opening serves as the only path for fire-induced natural ventilation to the
compartment. The hot gas layer that forms in compartment fires descends within the opening until
a quasi-steady balance is struck between the rate of mass inflow to the layer and the rate of mass
outflow from the layer.

A complete solution of the mass flow rate in this scenario requires equating and solving two non-
linear equations describing the vent flow rate and the plume entrainment rate as a function of the
layer interface height (the layer in a compartment that separates the smoke layer from the clear
layer). If it is nonvented, the smoke layer gradually descends as the fire increases, thereby
lowering the smoke interface and (possibly) eventually filling the compartment. McCaffrey,
Quintiere, and Harkleroad (MQH) (1981) (also reported by Walton and Thomas, 1995 and 2002)
have developed a simple statistical dimensionless correlation for evaluating fire growth in a
compartment (hot gas layer temperature) with natural ventilation. This MQH correlation is based
on 100 experimental fires (from 8 series of tests involving several types of fuel) in conventional-
sized rooms with openings. The temperature differences varied from AT = 20 °C (68 °F) to 600 °C
(1,112 °F). The fire source was away from walls (i.e., data was obtained from fires setin the center

of the compartment). The larger the HRR | I, and the smaller the vent, the higher we expect the

upper-layer gas temperature to increase.
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The approximate formula for the hot gas layer temperature increase, AT, above ambient (T, - T,)
is as follows:

[T

Qﬂ
'ﬁw'{lf & by )

Where:
AT, = upper layer gas temperature rise above ambient (T, - T,) (K)
Q = heat release rate of the fire (kW)
A, = total area of ventilation opening(s) (m?)
h, = height of ventilation opening (m)
h, = heat transfer coefficient (kW/m?-K)
A, = total area of the compartment enclosing surfaces (m?), excluding area of vent opening(s).

The above equation can be used for multiple vents by summing the values, as follows:

Sia )
i1

|
i

where n is the number of vents, and can be used for different construction materials by summing
the A; values for the various wall, ceiling, and floor elements.

The compartment interior surface area can be calculated as follows:
A; = ceiling + floor 2 (w,x1,)
+ 2 large walls 2 (h,x w,)
+ 2 smallwalls 2 (h, x1,)
- total area of vent opening(s) (A,)

AT = [2 (Wc X lc) +2 (hc X Wc) +2 (hc X lc)] - Av (2-2)

Where:

total compartment interior surface area (m?), excluding area of vent opening(s)
. = compartment width (m)

I, = compartment length (m)

h, = compartment height (m)
A, = total area of ventilation opening(s) (m?)

A;
w
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For very thin solids, or for conduction through a solid that continues for a long time, the process of
conduction becomes stationary (steady-state). The heat transfer coefficient, h,, after long heating
times, can be written as follows:
k
h, =— (2-3)
s

Where:
k = thermal conductivity (kW/m-K) of the interior lining
d = thickness of the interior lining (m)

This equation is useful for steady-state applications in which the fire burns longer than the time
required for the heat to be transferred through the material until it begins to be lost out the back

(cold) side. This time is referred to as the thermal penetration time, t,, which can be calculated as:

2
A
b = [ kP][EJ (24
Where:

p = density of the interior lining (kg/m?)

c, = thermal capacity of the interior lining (kJ/kg-K)

k = thermal conductivity of the interior lining (kW/m-K)
8 = thickness of the interior lining (m)

However, if the burning time is less than the thermal penetration time, t,, the boundary material
retains most of the energy transferred to it and little will be lost out the non-fire (cold) side. The heat
transfer coefficient, h,, in this case, can then be estimated using the following equation for t < t:

Vi (2-5)

Where:
kpc = interior construction thermal inertia [(kW/m?-K)?-sec]
(thermal property of the material responsible for the rate of temperature increase)
t = time after ignition in seconds (characteristic burning time)

By contrast, fort > t, the heat transfer coefficient is estimated from Equation 2-3.

As indicated above, the kpc parameteris a thermal property of the material responsible for the rate
of temperature increase. This is the product of the material thermal conductivity (k), the material
density (p), and the heat capacity (c). Collectively, kpc is known as the material thermal inertia.
For most materials, ¢ does not vary significantly, and the thermal conductivity is largely a function
of the material density. This means that density tends to be the most important material property.
Low-density materials are excellent thermal insulators. Since heat does not pass through such
materials, the surface of the material actually heats more rapidly and, as a result, can ignite more
quickly. Good insulators (low-density materials), therefore, typically ignite more quickly than poor
insulators (high-density materials). This is the primary reason that foamed plastics are so

2-10



dangerous in fires; they heat rapidly and ignite in situations in which a poor insulator would be
slower to ignite because of its slower response to the incident heat flux. The thermal response
properties (kpc), for a variety of generic materials have been reported in the literature. These
values have been derived from measurements in the small-scale lateral ignition and flame spread
test (LIFT) apparatus (ASTM E1321). Table 2-3 lists typical thermal properties of variety of

materials.

Table 2-3. Thermal Properties of Compartment Enclosing Surface Materials
(Klote and Milke, 2002, © ASHRAE. With permission.)

Materials Thermal Inertia Thermal Thermal Density
Conductivity Capacity

kpc k c p

(kW/m?2-K)%-sec (kW/m-K) (kJ/kg-K) (kg/m?)
Aluminum (pure) 500 0.206 0.0895 2710
Steel (0.5% Carbon) 197 0.054 0.465 7850
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 25 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1.0 260
Glass Fiber Insulation 0.0018 0.000037 0.8 60
Expanded Polystyrene 0.001 0.000034 1.5 20




2.6.2 Natural Ventilation (Compartment Closed): Method of Beyler

Beyler (1991) (also reported by Walton and Thomas, 2002) developed a correlation based on a
nonsteady energy balance to the closed compartment, by assuming that the compartment has
sufficient leaks to prevent pressure buildup. For constant HRR, the compartment hot gas layer
temperature increase, AT , above ambient (T, - T, ) is given by the following equation:

2K,

2
1

AT, =T,-T, = (Kt — 14788 (2-6)

Where:

2 (04, fkoc |

mCP mcp

K, =
And:

AT, = upper layer gas temperature rise above ambient (T, - T,) (K)
k = thermal conductivity of the interior lining (kW/m-K)

p = density of the interior lining (kg/m®)

¢ = thermal capacity of the interior lining (kJ/kg-K)

Q = heat release rate of the fire (kW)

m = mass of the gas in the compartment (kg)
c, = specific heat of air (kJ/kg-k)
t = exposure time (sec)

2.6.3 Forced Ventilation: Method of Foote, Pagni, and Alvares (FPA)

Foote, Pagni, and Alvares (FPA) (1985) (also reported by Walton and Thomas, 1995 and 2002)
developed another method, which follows the basic correlations of the MQH method, but adds
components for forced-ventilation fires. This method is based on temperature data that were
obtained from a series of tests conducted at the Lawrence Livermore National Laboratory (LLNL).
Fresh air was introduced at the floor and pulled out the ceiling by an axial fan. Test fires from 150
to 490 kW were used, producing ceiling jet temperatures from 100 to 300 °C (212 to 572 °F). The
approximate constant HRR and ventilation rates were chosen to be representative of possible fires
in ventilation-controlled rooms with seven room air changes per hour, which was roughly between
200 and 575 cfm.



The upper-layer gas temperature increase above ambient is given as a function of the fire HRR,
the compartment ventilation flow rate, the gas-specific heat capacity, the compartment surface
area, and an effective heat transfer coefficient. The nondimensional form of the resulting
temperature correlation is as follows:

AT . 0.72 b -036
& - 063 [ : < ] [ %‘&‘T] (2-7)
ik mc, T, me,

Where:

AT, = hot gas layer temperature rise above ambient (T, - T,) (K)
T, = ambient air temperature (K)

() = HRR of the fire (kW)

m = compartment mass ventilation flow rate (kg/sec)
¢, = specific heat of air (kJ/kg-K)
h, = heat transfer coefficient (kW/m?-K)

A, = total area of compartment enclosing surfaces (m?)

The above correlation for forced-ventilation fires can be used for different construction materials
by summing the A; values for the various wall, ceiling, and floor elements.

2.6.4 Forced Ventilation: Method of Deal and Beyler

Deal and Beyler (1990) (also reported by Walton and Thomas, 2002) developed a simple model
of forced ventilated compartment fires. The model is based on a quasi-steady simplified energy
equation with a simple wall heat loss model. The model is only valid for times up to 2000 seconds.
The approximate compartment hot gas layer temperature increase, AT, above ambient (T - T,)
is given by the following equation:

Where:
AT, = hot gas layer temperature rise above ambient (T,- T,) (K)
T, = ambient air temperature (K)

() = HRR of the fire (kW)

m = compartment mass ventilation flow rate (kg/sec)
¢, = specific heat of air (kd/kg-K)
h, = convective heat transfer coefficient (kW/m?-K)

A, = total area of compartment enclosing surfaces (m?)



The convective heat transfer coefficient is given by the following expression:

[kpo k

by, =04 —_ = -
" max [ T 5] (2-9)
Where:

k = thermal conductivity of the interior lining (kW/m-K)
p = density of the interior lining (kg/m?)

¢ = thermal capacity of the interior lining (kJ/kg-K)

t = exposure time (sec)

8 = thickness of the interior lining (m)

2.7 Estimating Smoke Layer Height

When a fire occurs in a compartment, within few seconds of ignition, early flame spread can quickly
lead to a flaming, free-burning fire. If left unchecked, the fire continues to grow. Besides releasing
energy, the combustion process also yields a variety of other products, including toxic and nontoxic
gases and solids. Together, all of these products are generally referred to as the “smoke” produced
by the fire.

As the flame spreads across the fuel surface, the fire size, which can be described as the HRR,
increases. As the size increases, the radiation heat transfer from the flame to the fuel surface
increases, and this increases the burning rate. If the flame has notinvolved the entire surface area,
this increased fire size accelerates the flame spread. Above the flame zone, a buoyant plume is
formed. The plume entrains ambient air, which both cools the gas and increases the flow rate. In
a typical compartment, the plume strikes the ceiling and forms a ceiling jet, which in turn strikes a
wall, and the compartment begins to fill with hot smoke from the ceiling downward. The plume
continues to entrain ambient air, adding mass to the layer until it reaches the upper gas layer.
Here, as the gas layer descends, less mass is entrained into it. Thus, the amount of gas flow from
the plume is a function of the fire size and the height over which entrainment occurs.

As previously stated, the temperature and composition of gas entering the hot gas layer are driven
by the fire source and the plume. Once the hot gas enters this hot layer, it cools by losing energy
to surrounding surfaces (i.e., ceiling, walls) by conduction, and cools by radiating heat energy to
the floor and the cool gas layer near the floor. The rate of descent of the hot gas layer is driven by
the size of the compartment and the amount of mass flow from the plume. Since the plume mass
flow is a function of the height beneath the gas layer, the layer descends at a progressively slower
rate as it gets closer to the fire source.

The plume essentially mixes cool air with the combustion products, thereby increasing the total flow
into the hot gas layer, while reducing its temperature and the concentration of gases flowing into
it. The plume can only add mass to the upper layer by entrainment along the plume axis below the
hot gas layer position. Once it penetrates the hot gas layer, it entrains hot gas, helping to mix the
layer, but not increasing its depth.

One of the most important processes that occurs during the early stages of a compartment fire is
the filling of the compartment with smoke. Although the hot layer gas temperatures are relatively



low [< 200 °C (392 °F)], the composition of the smoke relative to visibility and toxicity and the
vertical position of the layer are of interest. Figure 2-4 shows this process schematically.
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Figure 2-4 Smoke Filling in a Compartment Fire
2.7.1 Smoke Layer

The smoke layer can be described as the accumulated thickness of smoke below a physical or
thermal barrier (e.g., ceiling). The smoke layer is typically nota homogeneous mixture, and it does
not typically have a uniform temperature. However, for first-order approximations, the calculation
methods presented below assume homogeneous conditions. The smoke layerincludes a transition
zone thatis nonhomogeneous and separates the hot upper layer from the smoke-free air (i.e., two
zones).

2.7.2 Smoke Layer Interface Position

Figure 2-5 depicts the theoretical boundary (or interface) between a smoke layer and the smoke-
free air. In practice, the smoke layer interface is an effective boundary within a transition buffer
zone, which can be several feet thick. Below this effective boundary, the smoke density in the
transition zone decreases to zero.

2.7.3 Natural Ventilation (Smoke Filling):
The Non-Steady-State Yamana and Tanaka Method

In a compartment with larger openings (windows or doors), there will be little or no buildup of
pressure attributed to the volumetric expansion of hot gases, with the exception of rapid
accumulation of mass or energy. Thus, for the first-order approximations, pressure is assumed to
remain at the ambient pressure. The opening flows are thus determined by the hydrostatic
pressure differences across the openings, and mass flows out of and into the compartment.
We also assume that the upper layer density (p,), is some average constant value at all times
throughout the smoke-filling process.



Assuming a constant average density in the upper hot gas layer has the advantage that we can
form an analytical solution of the smoke-filling rate, where the HRR does not need to be constant
(that is, it can be allowed to change with time), and we can use the conservation of mass to arrive
at the expression for the smoke-filling rate. When this is done, the height of the smoke layer as a
function of time is known, and we can use the conservation of energy to check the stipulated value
of pg.

Yamana and Tanaka (1985) (also reported by Karlsson and Quintiere, 1999b) developed the
expression for the height of the smoke layer interface, z, in terms of time, as follows:

T (2-10)

Where:
z = height (m) of the smoke layer interface above the floor
Q = heat release rate of the fire (kW)

t = time after ignition (sec)
A, = compartment floor area (m?)
h, = compartment height (m)

And:
k = a constant given by the following equation:
1
2_nF
e = %[Fﬁ} (2-11)
Py Lo T
Where:

p, = hot gas density kg/m®

p, = ambient density = 1.20 kg/m*

g = acceleration of gravity = 9.81 m/sec®
¢, = specific heat of air = 1.0 kJ/kg-K

T, = ambient air temperature = 298 K.

Substituting the above numerical values in Equation 2-11, we get the following expression:

= 0076 (2-12)
e
Where density of the hot gas (p,), layer is given by:
o= ﬁ (2-13)
-

g
Where:
T, = hot gas layer temperature (K) calculated from Equation 2-1



Calculation Procedure

(1) Calculate p, from Equation 2-13.
(2) Calculate the constant k from Equation 2-12.
(3) Calculate the smoke layer height (z) at the some time (t) from Equation 2-10 given HRR.

2.8 Data Sources for Heat Release Rate

When an object burns, it releases a certain amount of energy per unit of time. For most materials,
the HRR of a fuel changes with time, in relation to its chemistry, physical form, and availability of

oxidant (air), and is ordinarily expressed as kW (kJ/sec) or Btu/sec and denoted by () (1,000 kW
=1 MW) (1 BTU/sec = 1.055 kW).

Figure 2-5 illustrates the general features of typical HRR histories. HRR commonly demonstrates
an acceleratory growth stage, which may follow an induction stage of negligible growth. Objects
may or may not exhibit the period of fairly steady burning illustrated in Figure 2-5 (a); this depends
on whether fuel burnout begins after the fuel surface is fully involved. Materials that do not begin
to burn out before the fuel surface is fully involved (peak HRR) demonstrate the fairly steady
burning period exhibited in Figure 2-5 (a) until burnout begins; materials that begin to burn out
before the peak HRR is achieved are characterized by heat release curves with distinct peaks, as
illustrated in Figure 2-5 (b). In either case, at some time following attainment of peak HRR, a decay
stage associated with fuel burnout usually occurs. This decay stage frequently gives way to a tail
stage of relatively low HRR. This tail stage, which may persist for an extended time, is normally
attributable to the glowing combustion that follows flaming combustion for char-forming products.

The total energy released by a material is equal to the area under the time-HRR curve. This area
is influenced by the energy released during the tail stage, which may contribute a considerable
portion of the total energy released, but at such a slow rate that it does not constitute the significant
hazard.
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2.9 Identification of Fire Scenario

The first step in an FHA is to identify which target(s) to evaluate within an enclosure or
compartment. Normally, the target is a safety-related component that is being evaluated for a
particular scenario. However, if exposed, intervening combustibles exist between the fire source
and the safety-related component, they can become the targets for further evaluation.

Electrical cables typically serve as the primary target for most NPP analyses. The nuclearindustry
has defined two general types of electrical cables, referred to as IEEE-383 qualified and
unqualified. These terms refer to cables that either pass or fail the IEEE-383 fire test standard,
respectively. A damage threshold temperature of 370 °C (700 °F) and a critical heat flux of

10 kW/m? (1 Btu/ft>-sec) have been selected for IEEE-383 qualified cable. A damage threshold
temperature of 218 °C (425 °F) and a critical heat flux of 5 kW/m? (0.5 Btu/ft>-sec) have been
selected for IEEE-383 unqualified cable. These values are reported in several studies, including
NUREG/CR-4679, Electrical Power Research Institute (EPRI), “Fire-Induced Vulnerability
Evaluation (FIVE) Methodology,” and the U.S. Department of Transportation (DOT) study reported
in “Combustibility of Electrical Wire and Cable for Rail Rapid Transient Systems,” DOT-TSC-UMAT-
83-4-1, May 1983.

The second step in an FHA is to identify the location of credible exposure fire sources relative to
the target being evaluated. Exposure fires involving transient combustibles are assumed to have
an equal probability of occurring anywhere in a space, while exposure fires involving fixed
combustibles are assumed to occur at the site of the fixed combustible. Since the hazard is greater
when a fire is located directly beneath a target, this placement is evaluated for scenarios involving
exposure fires with transient combustibles. For fixed combustibles, the actual geometry between
the source and the target is evaluated to determine whether the target is located in the fire plume
region.

Representative unit HRR values for a number of fuels present in the NPP (e.g., electrical cables,
electrical cabinets, flammable/combustible liquids, and transient combustibles) have been
measured and reported in various reports by Lee (1985), Nowlen (1986 and 1987), Chavez (1987),
and Babrauskas (1991). Flammable/combustible liquid spill fires and trash fires are the most
commonly postulated transient fuel exposure fires in NPPs. Electrical cable fires and electrical
cabinet fires are the most commonly postulated fixed fuel fires. Tables 2-4 through 2-10 show the
HRR and other data for common fixed and transient combustible materials found in NPPs.



Table 2-4. Measured Heat Release Rate Data for Cable Jacketing Material

(Lee, 1981)
Fuel HRR per Unit Heat of
Area Combustion
2 (kW/m?) AH, (kJ/kg)
PE/PVC (Polyethylene/Polyvinylchloride) 590 24,000
XPE/FRXPE 475 28,300

(Crosslinked Polyethylene/Fire Retardant
Crosslinked Polyethylene)

XPE/Neoprene 300 10,300
PE, Nylon/PVC, Nylon 230 9,200
Tefzel™ - ETFE 100 3,200

(Ethylenetetrafluoroethylene)

Table 2-5. Measured Heat Release Rate Data for Electrical Cabinets
(Nowlen, 1986 and 1987)

Fuel Peak HRR*
Q (kW)
Electrical Cabinet Filled with IEEE-383 Qualified Cables 55

(Vertical doors open)

Electrical Cabinet Filled with IEEE-383 Qualified Cables No data
(Vertical doors closed)

Electrical Cabinet Filled with IEEE-383 Unqualified Cables 1,000
(Vertical doors open)

Electrical Cabinet Filled with IEEE-383 Unqualified Cables 185
(Vertical doors closed, vent grills only)

*Note: HRR contributions in the electrical cabinet are based solely on the cable insulation
material, and neglect the energy release based on the current (amperes squared
multiplied by time.)
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Table 2-6. Measured Heat Release Rate Data for Transient Combustible Materials
(Flammable/Combustible Liquids)

Fuel HRR per Unit Area
O (kW/m?)
Diesel oil 1,985
Gasoline 3,290
Kerosene 2,200
Transformer oil 1,795
Lube oil lubrication For lubricating oil, use HRR of
(used in reactor coolant pump (RCP) motors and transformer oil. Lubricating oil has
turbine) burning characteristics similar to
transformer oil.

Table 2-7. Measured Heat Release Rate Data for Transient Combustible Materials
(Trash) (Lee, 1985)

Fuel Peak HRR
Q (kW)

9.1 kg computer paper crumpled up in two plastic trash bags 110

11.4 kg rags, 7.7 paper towels. 5.9 kg plastic gloves and taps, and 120

5.9 kg methyl alcohol, mixed in two 50-gallon trash bags

13.6 kg computer paper crumpled up and divided in two 7.5 kg (50 110
gallon) plastic trash cans

4.6 kg crumpled up computer paper and 31.8 kg folded computer 40
paper, evenly divided into two bags
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Table 2-8. Measured Heat Release Rate Data
for Transient Combustible Materials (Plywood and Wood Pallet)
(Karlsson and Quintiere, 1999a, © CRC Press, LLC. With permission.)

Fuel HRR per Unit Area
o (kW/m?)

Douglas fir plywood 124

Fire-retardant treated plywood 81

Wood pallets, stacked 1% ft high 1,420

Wood pallets, stacked 5 ft high 3,970

Wood pallets, stacked 10 ft high 6,800

Wood pallets, stacked 16 ft high 10,200

Table 2-9. Ignition Thresholds (Pilotless within 30 seconds)
(Naval Ship’s Technical Manual, S9086-S3-STM-010/CH-555, 1993)

Material Hot Air (Oven Effect) Hot Metal Contact Radiant Heat Flux
°C (°F) (Frying Pan Effect) (kW/mz)
(kW/m?)
Paper 230 (450) 250 (480) 20
Cloth 250 (480) 300 (570) 35
Wood 300 (570) 350 (660) 40
Cables 375 (700) 450 (840) 60

Table 2-10. Thermal Effects on Electronics
(Naval Ship’s Technical Manual, S9086-S3-STM-010/CH-555, 1993)

Temperature Effects

°C (°F)

50 (120) Computer develop faults

150 (300) Permanent computer damage
250 (480) Data transmission cable fail
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210 Assumptions and Limitations

The methods discussed in this chapter have several assumptions and limitations.

The following assumptions and limitations apply to all forced and natural convection situations:

These methods best apply to conventional-size compartments. They should be used with
caution for large compartments.

These methods apply to both transient and steady-state fire growth.

The HRR must be known; it does not need to be constant, and can be allowed to change
with time.

Compartment geometry assumes that a given space can be analyzed as a rectangular
space with no beam pockets. This assumption affects the smoke filling rate within a space
if the space has beam pockets. For irregularly shaped compartments, equivalent
compartment dimensions (length, width, and height) must be calculated and should yield
slightly higher layer temperatures than would actually be expected from a fire in the given
compartment.

These methods predict average temperatures and do not apply to cases in which
predication of local temperature is desired. For example, this method should not be used
to predict detector or sprinkler actuation or the material temperatures resulting from direct
flame impingement.

Caution should be exercised when the compartment overhead are highly congested with
obstructions such as cable trays, conduits, ducts, etc.

A single heat transfer coefficient may be used for the entire inner surface of the
compartment.

The heat flow to and through the compartment boundaries is unidimensional (i.e., corners
and edges are ignored, and the boundaries are assumed to be infinite slabs).

These methods assume that heat loss occurs as a result of mass flowing out through
openings. Consequently, these methods do not apply to situations in which significant time
passes before hot gases begin leaving the compartmentthrough openings. This may occur
in large enclosures (e.g., turbine building), where it may take considerable time for the
smoke layer to reach the height of the opening.

The following assumptions and limitations apply only to natural convection situations:

(10)

(11)

(12)

(13)

The correlations hold for compartment upper layer gas temperatures up to approximately
600 °C (1,112 °F) only for naturally ventilated spaces in which a quasi-steady balance
develops between the rates of mass inflow and outflow from the hot gas layer.

These correlations assume that the fire is located in the center of the compartment or away
from the walls. If the fire is flush with a wall or in a corner of the compartment, the MQH
correlation is not valid with coefficient 6.85.

The smoke layer height correlation assumes an average constant value of upper layer
density throughout the smoke-filling process.

The correlation does not allow the vent to be placed in the ceiling.
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(14) Atthe EPRIFire Modeling Workshop, August 26, 2002 in Seattle, Washington, Mark Salley
asked Professor James G. Quintiere (one of the authors of the MQH method) what limits
apply to compartment size when using the MQH equation. Professor Quintiere replied that
the correlation will work for any size compartment since it is a dimensionless equation.

Professor Quintiere also stated that Q should be limited by the following expressions:

m AH, = 300011{‘—“7 or 054, B = 30005

g kg
Where:

th, = mass loss rate of fuel (kg/sec)
AH, = heat of combustion (kJ/kg)

A, = area of ventilation opening (m?)
h, = Height of ventilation opening (m)

The following assumptions and limitations apply only to forced convection situations:

(15) These correlations assume that the test compartmentis open to the outside at the inlet, and
its pressure is fixed near 1 atmosphere.

(16) These correlations do not explicitly account for evaluation of the fire source.

(17)  These correlations assume that the fire is located in the center of the compartment or away
from the walls. If the fire is flush with a wall or in a corner of the compartment, the Foot,
Pagni, and Alvares (FPA) correlation is not valid with coefficient 0.63.

2.11 Required Input for Spreadsheet Calculations

The user must obtain the following values before attempting a calculation using the natural or
forced ventilation spreadsheets:

(1) Compartment width (ft)

(2) Compartment length (ft)

(3) Compartment height (ft)

(4) Interior lining material thickness (in)
(6) Fire heat release rate, HRR (kW)

The user must obtain the following values before attempting a calculation using the natural
ventilation spreadsheets:

(7) Vent width (ft)
(8) Vent height (ft)
(9) Top of vent from floor (ft)

The user must obtain the following values before attempting a calculation using the forced
ventilation spreadsheets:

(10)  Forced ventilation rate (cfm)
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2.12 Cautions

(1) Use the appropriate spreadsheet (02.1_Temperature_NV .xIs, 02.2_Temperature_FV .xls,
or 02.3_Temperature_CC.xls) in the CD ROM for calculation.

(2) Make sure to input values using correct units.

(3) The smoke layer height is a conservative estimate and is only intended to provide
an indication of where the hot gas layer is located. Calculated smoke layer heights below
the vent height are not creditable since the calculation does not account for smoke exiting
the vent!

213 Summary

Determination of hot gas layer temperatures and smoke layer height associated with compartment
fires provides a means of assessing an important aspect of fire hazard, namely the likelihood of
hazardous conditions when structural elements are in danger of collapsing, and the thermal
feedback to fuel sources or other objects.

When doors and/or windows provide the air for the fire, natural ventilation occurs, and the MQH
correlation applies to the prediction of hot gas temperature. The correlation is relatively
straightforward, and it yields reasonable results when applied to most situations. Specifically, the
correlation gives the temperature increase of the hot gas layer as a function of three primary
variables:

(1) fire size (), HRR)
(2) energy losses to the walls (h,, A;)
(3) energy loss through vents (A,Vh,)

Forced ventilation can have a significant effect on fire growth, the temperature profile in the
compartment, the spread of toxic fire gases, and the descent of the hot gas layer in a multi-room
building. The magnitude of this effect, of course, depends on the HRR of the combustibles and the
amount and configuration of the forced ventilation. Depending on the arrangement of the supply
and exhaust vents, forced ventilation affects the compartment’s thermal environment and sensitive
equipment, as it relates to the descent of the hot gas layer. For situations involving forced
ventilation, the FPA correlation is applied to the prediction of hot gas temperature. Specifically the
FPA correlation gives the temperature increase of the hot gas layer as a function of three primary
variables:

(1) fire size (), HRR)
(2) energy losses to the walls (h,, A;)
(3) energy loss through vents (ﬁlf c, 1)

The depth (or height) of the growing smoke layer increases with time, but it does not change once
the smoke layer has reached equilibrium. Unsteady fires do not have a plateau or upper limit for
the rate of heatrelease. In addition, unsteady fires may have a less rapid buildup of pressure. One
approach is to relate the interface of a growing smoke layer for an unsteady fire to a t° fire profile.
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2.16 Problems
2.16.1 Natural Ventilation
Example Problem 2.16.1-1

Problem Statement

Consider a compartment that is 15 ft wide x 15 ft long x 10 ft high (w, x I, x h;), with a simple vent
that is 4 ft wide x 6 ft tall (w, x h,). The fire is constant with an HRR of 500 kW. Compute the hot
gas layer temperature in the compartment and smoke layer height at 2 minutes assuming that the
compartment interior boundary material is (a) 1 ft thick concrete and (b) 1.0 inch thick gypsum
board. Assume that the top of the ventis 6 ft.

Q = 500 kW N

A

Example Problem 2-1: Compartment with Natural Ventilation

Solution

Purpose:
For two different interior boundary materials determine following:
(1) The hot gas layer temperature in the compartment (T,) att = 2 min after ignition
(2) The smoke layer height (z) at t = 2 min after ignition

Assumptions:
(1) Air properties (ambient) at 77 °F (25 °C)
(2) Simple rectangular geometry (no beam pockets)
(3) One-dimensional heat flow through the compartment boundaries
(4) Constant heat release rate (HRR)
(5) The fire is located at the center of the compartment or away from the walls

2-29



Spreadsheet (FDT®) Information:
Use the following FDT*:

(a) Forconcrete: 02.1_Temperature_NV .xls (click on Temperature_ NV Thermally Thick)
(b) Forgypsum board: 02.1_Temperature_NV.xls (clickon Temperature_ NV Thermally

Thin)

Note: Since concrete thickness is greater than one inch, it is necessary to use the
correlations for thermally thick material. However, since the gypsum board thickness

is equal to 1 inch, itis necessary to use correlations for thermally thin material.
FDT?® Input Parameters: (for both spreadsheets)

- Compartment Width (w_) = 15 ft

- Compartment Length (I,) = 15 ft

- Compartment Height (h,) = 10 ft

- Vent Width (w,) = 4 ft

- Vent Height (h,) = 6 ft

- Top of Vent from Floor (V;) = 6 ft

- Interior Lining Thickness (8) = 12 in.(concrete) and 1 in. (gypsum board)

- Ambient Air Temperature (T,) =77 F

- Specific Heat of Air (c,)= 1 kJ/kg-K

- Material: Select Concrete and Gypsum Board on the respective FDT®

- Fire Heat Release Rate |Q| =500 kW

- Time after ignition (t) = 2 min

Results*

Interior Boundary
Material

Hot Gas Layer Temperature (T,)
OC (OF)
(Method of MQH)

Smoke Layer Height (z)
z m (ft)
(Method of Yamana and Tanaka)

Concrete 147 (296) 1.83 (6.00)
(smoke exiting vent, z < V;)
Gypsum Board 218 (425) 1.83 (6.00)

(compartment filled with smoke

*see spreadsheet on next page att =2 min
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Spreadsheet Calculations
(a) Boundary Material: Concrete
FDT®: 02.1_Temperature_NV .xls
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LAYER HEIGHT IH A ROOCMFIRE WITH HATURAL VENTILATION
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Interkor Linlve Themal e ik pcs 29
Interior Linleg The malConncti ks ooois
Interkor Llnlg Spechfic Heat i 0.73
Interbor Linlwey Dewsky s 2400

Nok AT e s iy wilavom atically correctwith Ambe st Tempe ramre T hpit

EXPERIMENTAL THERMAL PROFERTIES FOR COMMOMN INTERICR LINING MATERMLS

Mak il b.p-? K o P Select Material
HUAn 4 —ec | fin -1 Lk ok in o E E
Alnm NAm e 00 0206 0.Fas 2710 Seroll to desired matk rial then
kel 5% Calon 197 oS 0455 7550 Click T selecton
CONCEE B 2.8 000G 075 2400
Brick 1.7 0 00 s 2500
Glas, Plak 1.6 0 0T 0z 2710
Brickizonc e B bk .2 o 00T 3 =11 1900
Gyps am Board 0. 13 0 00T 1.1 o)
P lywoe] 0. 15 0z 25 540
Flaer Insnlatbn Board 0. 18 0 125 240
= hipboard 0. 15 oS 25 =)
e BEd COICRE 0.1z 0 O0E 055 Eu
Pl e o el 0.1z 0 mniE 054 230
Cakhm Sltak Boarl 0.0 0003 .12 700
Al k3 SlEaE 6ok 0.0 oot 1 )
Glass Fler 3o laton 0.0015 0 0T 0 &0
Erpanled Polstrene 0.001 0 L0003 1.5 20
Uzer Spechkd vake EvErvahs EvE [ valhs Evk ['vale EvE r'valne
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FIRE & FECIFECATICHN S
Fie Heat Rekase Rate @) :

METHOD OF Mz CAFFREY, GUINTIERE, AMD HARKLEROAD [MGEH)

AT = GES AR 3@
Whe R AT =T, =T = apper lyergas temp= mtare e above ambkit)
O = jeatekae rak ottie e &
A = apaotue illaton opes g i
b= ke totve vllaton open by g
bo=conve ot beat tans BreoeEk et KR -1
A =1fotalara of te comparin e nte voke g sartace bonadark s ex chdlig aea ot vertop=a kg dn)

Area of Ventlatlon Spening Cale ulatlon

A= WD

Whe kg A =araotue ifllaton o= |Il:_| in;
W= yertwhth an
bo=ve rthekgiting

5 - 203 m

Thermal Pe netration Tim & Salculation
1= oA Bz
Whe E to=themalpenetration tne gec)
po= IR COnStracton de s i kadn
Co= Wnterbrconstraction ke atcapachy k-

K o= IErir constrection e mal condectv ke &m -1
= W rbrooestmction ik eess M

t= 26 12898 ec

Heat Trameter Zos Me lamt Sale ulation
b= uikpot Trt=t or 0] Tort=1t
Whe B b= heattans®rcoetick it £Am =K
Epo= WEMRroorcton themal e b EWn -1 <ec
i the moal proje my of makerial espori bl Brte ae ot emperat g rkes
t=thie ST KLkby 3ec
e WhE I bw BT ek
Area oT Compartment Enclosing Surface Boundaris s
b= Ewr B4+ owi4+2h ot by -2
WieE A= talara of the comparim e te pchos g srfacs o edark § ex chdg aea ofvertopea b i)
W = i [ e it wkith dnG
| = compatme vt B agth i
b =comparme ithe ki
A o= akactue rtkton opy g i
L 3532 M

Com partment Hot Gas Layer Temperaturs At Hatural venilation
AT = GES s 0 R

4T, = T-T

T=- AT +T
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Time &tter lgnidon (1) 1 AT, T T, T

n (18 KR -Fy [1] L) [as] {"Fi
000 - - 235,00 23.00 Tr.a0
1 1] 0.22 106, 34 406.34 133.54 2702
2 128 [ [ 121.61 41561 146 .61 295.90
3 160 (] 130,11 42811 135,11 31120
4 40 a1 136,30 43450 161.50 32270
3 300 0.0 141.67 RN 166 .67 33201
1] ) b.ar 158.02 45702 184.02 36324
15 300 0.06 170. 14 455,14 135.14 383.26
20 1200 0.03 17650 47650 203.50 398.30
23 1500 0.04 165.26 48326 210.26 410.47
30 16010 .04 130,58 45858 21558 420.76
33 2100 .04 195.93 453,33 220,35 429.7 1
40 2400 0.03 200.36 49636 235.36 4ir6d
45 aran 0.03 204.33 F02.33 229.33 444735
30 3000 0.03 207.95 505.95 232.35 45 1.3 1
33 3300 0.03 21128 309.28 23626 45730
1] 3e00 0.03F 21437 31237 23337 46 2EE

Hat Gas Layer Tempe@ture
Naurd “&ntilation (W2 H hiethod))

10

0

30

Time [mim)

a0

G0
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ESTIMATIMG SMOKE LAYER HEIGHT
METHOD OF YARMANA AND TANARA

LRt R TR B

Wk Z=moke Byerbekhting
@ =heatrekaze rak ofthe Mg KW
t=tine ater Kokbn e
b =comparme ithekhtims

A, = comparkn e trboranea dn
b =a constntgbe v by k= 0076
po = bt gas layver de ks Hy dkom )
Pl g Ren by po= 3ERT
T.=botgar BEremperat e (45

Com partment 2rea Caleulation

wa

& = comparmestrborasain

W= ol pa tme it wkith dnG

| = cofn = tme it B gt dnd
20.50 M

Whe B

HotGas Laver Denalty Calculation
p= JEAT

Caleulation for Cons tant K
k= 0107 &vp

Smoke Gas Layer Helght W Hatural vendlaton
z= [ZE2 381+ 07k

Cagtion! The = moke lawer height is 2 conserwative estirde andis only

intended to provide =n indicgion wherethe hot g== layerislocged. Caculaed
=rake layer height bed orerthe went height =re not credit able since the calculation

i= nt accourting for the smoke exiting the wert.

Timsa ' Constant ik} | Smoke Layer belght [ Smoks Layer halght

i iy kM s AN - L zifh
] 118 .06 4 3.03 10.00
1 067 0087 1.83 5.0 CAUTEH:
2 .64 0.030 1.83 500 ZAUTICH:
3 0.62 0.032 1.83 500 CAUTEH:
4 .81 0.034 1.83 6. 00 AUTIZN:
5 0.5 0033 1.83 500 UTISH
10 0.rr 0.038 1.83 & 00 ZAUTICH:
15 075 G101 1.83 G 00 AUTECH:
20 0.74 0.103 1.63 6.00
5 073 g.104 .83 6.0 AUTECH:
30 0.72 0103 1.53 6.00 UTEZH:
35 B.71 U108 1.53 G 00 CAUTECN:
4 0.71 0.107 .63 6.00 CAUTEZ N
45 0.7 0108 .63 6. 00 AT N
50 0.7 0103 1.83 5.0 CAUTEH:
35 0.69 110 .83 G0 CAUTICN:
[ 0.63 0.118 1.83 5.00 CAUTEH:
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SRMOKE 15 EXITING CUT W
SMOKE 15 EXITING QUT V|
SMOKE 15 EXITING CUT W
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Smoke Layer Height
M atural W entil stion (hethod of ¥amana and Tanaka)
- 1z
=
g = b
e r
E [t " " " " " " " "
E 4
=2
k) 2
o " " " "
n] 10 20 a0 40 a0
Time {min)

NOTE

The above cakcnlatbns are based on piicip ks cevekped b e SFPE Hanibook of Fie

Proe ction Evileerhi, 3 BIEDy, 2002,

Caknlatb: ar bazed on cerlah Assamptons awl bave nherentin Batons. The raaks ofsach
cakenlation: may ormay vot kave reaonabk predictive capabiig s ragbe s s maton, and $honkl
obl e epreted By an kme o vier.

Athongheach cakalaton b te speadsies thas Dee s veriecd wkh the ol oThawd caken Bion,
e ek voalsolne gramre s oTthe acon oy of e e cabn ltons.,

Aryouestons, comment, conce e, and sngoe s, or o eportan o b e speakieet
peaze e al an emalD v £oon.
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(b) Boundary Material: Gypsum Board
FDT®: 02.1_Temperature_NV .xls

CHAPTER 2. PREDICTING HOT GAS LAYER TEMPE RATURE AND SMOKE
LAYER HEIGHT IN A ROOMFIRE WITH HATURAL VEHNTILATIOHN

COMPARTMEHT WITH THERMALLY THICK THIH BOUHDARIES

“ersion 18050

The B lowlg cakey Bions extinate e botgas Byeremperatare ad smoke Byer ke it b evckan g e,

Parame®re In YELLZWZELLS are Brterad by fe Uear.

Parame ®rs In GREEN CELLS are Automatically Selec®d Tom e DROP DCWH MENU for the Material Selec i d.
Allzabzecuento vt vales ae cak ke oy the spreadhee tand baze oy vales sp=cred i te gt

paEmet B, This spreaclshe et b prok cead and e cie ©avokle 0 E die B a wiong @ iy na ce ).

The chaper e HUREG short B¢ reacbetr an avaks b B mak .

INPUT PARAMETE RS

COMPARTRMENT INRORRMAT KON

Companme it WHS &0 15.00
Compartme ut Leweth (O3 15.00
Comparme it He kbt 4 10,00
Ve ntWERE ow oo
VentHe bt i i &0
Tegr ot venttiom Fhor v 6.0
Interior Linlwg) Th Bk wess &) 1.0
e ——— -
ARMBIENT SONDITIC NG
Ambkytar Tempe ratare T
Spechc Heatot &Ir &3 ]
AmbkytarDenshy o |15 Fam
THERMAL PROPERTIES OF SOMPARTMENT ENZLOE ING SURFAZES ROR
Interior Livlg Themal e b & pc 0.18
Inte rhor LIn e The ma LS ond vt e s 000017
Inte rior il Specic Heat i 1.1
Interior Linled) Dens by i FIE]
Hoke & de s by wilavomatically correct whh 2mbk stalr Tempe rate e (T lpat
E¥FERIMENTAL THERMAL PROFPERTIES FOR CORMROH INTERICR LIMIMNG MATER AL S
Mok ral hpf. K o A Select Material
KA 40 e En -1 L ] fign | Fi0e U Eard 5
Alm am e 00 0206 095 rd ] Sorall to dasired matkrial then
Seel DS% Catang 197 005l 0455 TE50 Click e selsc lon
Concre 2.9 00016 073 2400
Brick 1.7 0 0005 05 2500
Glxi, Plak 1.6 000076 03 2110
BrickiZonce® B bok 1.2 000073 [F-1% 1200
Gypeam Board .15 000017 14 ke
P lwoced 0.15 0oz 23 S0
Fher wanlatbn b oanl 0.16 000053 123 20
i aarnd 0.15 000015 123 0
Le mkd Coicek 0.12 000ee 025 00
Plazte ard 0.12 000016 [EE=13 =)
Cakclim Slibak Boakl 0,055 000013 1.12 0
Al lva Slitatk Blck 0.035 00001 1 1 60
Glats Fher iz o Lation 0.0013 0 00000 37 03 50
Ecpanded Politirene 0.001 0000034 13 20

UserSpechkd Vake EvErvale EnE [vale EvErvale Er [ vale
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FIRE & FECIFECATICHN S
Fie Heat Rekase Rate @) :

METHOD OF Mz CAFFREY, GUINTIERE, AMD HARKLEROAD [MGEH)

AT = GES AR 3@
Whe R AT =T, =T = apper lyergas temp= mtare e above ambkit)
O = jeatekae rak ottie e &
A = apaotue illaton opes g i
b= ke totve vllaton open by g
bo=conve ot beat tans BreoeEk et KR -1
A =1fotalara of te comparin e nte voke g sartace bonadark s ex chdlig aea ot vertop=a kg dn)

Area of Ventlatlon Spening Cale ulatlon

A= WD

Whe kg A =araotue ifllaton o= |Il:_| in;
W= yertwhth an
bo=ve rthekgiting

5 - 203 m

Thermal Pe netration Tim & Salculation
1= oA Bz
Whe E to=themalpenetration tne gec)
po= IR COnStracton de s i kadn
Co= Wnterbrconstraction ke atcapachy k-

K o= IErir constrection e mal condectv ke &m -1
= W rbrooestmction ik eess M

t= 100150 sec

Heat Trameter Zos Me lamt Sale ulation
b= uikpot Trt=t or 0] Tort=1t
Whe B b= heattans®rcoetick it £Am =K
Epo= WEMRroorcton themal e b EWn -1 <ec
i the moal proje my of makerial espori bl Brte ae ot emperat g rkes
t=thie ST KLkby 3ec
e WhE I bw BT ek
Area oT Compartment Enclosing Surface Boundaris s
b= Ewr B4+ owi4+2h ot by -2
WieE A= talara of the comparim e te pchos g srfacs o edark § ex chdg aea ofvertopea b i)
W = i [ e it wkith dnG
| = compatme vt B agth i
b =comparme ithe ki
A o= akactue rtkton opy g i
L 3532 M

Com partment Hot Gas Layer Temperaturs At Hatural venilation
AT = GES s 0 R

4T, = T-T

T=- AT +T
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Time &tter lgnidon (1) 1 AT, T T, T
n (18 KR -Fy [1] L) [as] {"Fi
000 - - 235,00 23.00 Tr.a0
1 1] 0.03 172, 18 47018 197 . 18 36632
2 128 b.04 193.27 491.27 218.27 41488
3 160 [ 206.78 F04.78 23176 445,20
4 40 0.03 216,33 31433 241.53 46748
3 300 0.0 22313 31313 230,15 452.28
1] ) b.02 252.73 3073 T.73 51191
15 300 0.01 270,39 568.39 235.39 56371
20 1200 0.01 46,98 G498 bl B 136
23 1500 0.01 346,58 E44.98 bl 1 Tl L5E
30 16010 [T F46. 58 G498 37158 KD
33 2100 001 345, 98 54438 37 1.98 70 L35
40 2400 0.01 46,98 G498 bl B Tl L36
45 aran b.01 346,58 E44.98 bl 1 Tl L5E
30 3000 0.01 346,98 64495 37198 70156
33 3300 0.01 46,98 G498 bl B TlL36
1] 3e00 0.1 4658 B398 FREL T L3E
Hat Gas Layer Tempe@ture
MNaturd “bntilation (WO H hiethod)
200
Yoo * * * * * o %
B 600 ____.-—-"‘""’f
2 500
=
# 400 .;"'"_
% 300 ]
@ 200
" oo |
I:I 1 1 1 1 1
1] 10 20 30 40 A0 G0
Time [mim)
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ESTIMATIMG SMOKE LAYER HEIGHT
METHOD OF YARMANA AND TANARA

LRt R TR B

Wk Z=moke Byerbekhting
@ =heatrekaze rak ofthe Mg KW
t=tine ater Kokbn e
b =comparme ithekhtims

A, = comparkn e trboranea dn
b =a constntgbe v by k= 0076
po = bt gas layver de ks Hy dkom )
Pl g Ren by po= 3ERT
T.=botgar BEremperat e (45

Com partment 2rea Caleulation

wa

& = comparmestrborasain

W= ol pa tme it wkith dnG

| = cofn = tme it B gt dnd
20.50 M

Whe B

HotGas Laver Denalty Calculation
p= JEAT

Caleulation for Cons tant K
k= 0107 &vp

Smoke Gas Layer Helght W Hatural vendlaton
z= [ZE2 381+ 07k

Cagtion! The = moke lawer height is 2 conserwative estirde andis only
intended to provide =n indicgion wherethe hot g== layerislocged. Caculaed
=rake layer height bed orerthe went height =re not credit able since the calculation

i= nt accourting for the smoke exiting the wert.

Timsa ' Constant ik} | Smoke Layer belght [ Smoks Layer halght

i iy kM s AN - L zifh
] 118 .06 4 3.03 10.00
1 0.7 .10 1 1.83 5.0 CAUTEH:
2 0.7z 0108 1.83 500 ZAUTICH:
3 0.7 [LE 1.83 500 CAUTEH:
4 [ a.111 1.83 6. 00 AUTIZN:
5 067 0.113 1.83 500 UTISH
10 .64 0113 1.83 & 00 ZAUTICH:
15 .62 0122 1.83 G 00 AUTECH:
20 .53 0.133 1.63 6.00
5 0.55 0133 .83 6.0 AUTECH:
30 .53 0.133 1.53 6.00 UTEZH:
35 .55 0139 1.53 G 00 CAUTECN:
4 0.53 0.133 .63 6.00 CAUTEZ N
45 .55 0133 .63 6. 00 AT N
50 0.55 0.133 1.83 5.0 CAUTEH:
35 0.55 0133 .83 G0 CAUTICN:
[ 0.55 0.133 1.83 5.00 CAUTEH:
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Smoke Layer Height
M atural W entil stion (hethod of ¥amana and Tanaka)
- 1z
=
g = b
e r
E [t " " " " " " " "
E 4
=2
k) 2
o " " " "
n] 10 20 a0 40 a0
Time {min)

NOTE

The above cakcnlatbns are based on piicip ks cevekped b e SFPE Hanibook of Fie

Proe ction Evileerhi, 3 BIEDy, 2002,

Caknlatb: ar bazed on cerlah Assamptons awl bave nherentin Batons. The raaks ofsach
cakenlation: may ormay vot kave reaonabk predictive capabiig s ragbe s s maton, and $honkl
obl e epreted By an kme o vier.

Athongheach cakalaton b te speadsies thas Dee s veriecd wkh the ol oThawd caken Bion,
e ek voalsolne gramre s oTthe acon oy of e e cabn ltons.,

Aryouestons, comment, conce e, and sngoe s, or o eportan o b e speakieet
peaze e al an emalD v £oon.
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Example Problem 2.16.1-2

Problem Statement

Consider a compartment that is 12 ft wide x 10 ft long x 8 ft high (w, x I, x h,) with a simple vent 3 ft
wide x 4 ft tall (w, x h,). The construction is essentially 0.5 ft thick gypsum board. The fire is
constant with an HRR of 300 kW. Assume that the top of the vent is 4 ft. Compute the hot gas
temperature in the compartment, as well as the smoke layer height at 2 minutes.

=8ft

Q=300 kW N

Example Problem 2-2: Compartment with Natural Ventilation

Solution

Purpose:
(1) The hot gas layer temperature in the compartment (T ) at t = 2 min after ignition
(2) The smoke layer height (z) at t = 2 min after ignition

Assumptions:
(1) Air properties (ambient) at 77 °F (25 °C)
(2) Simple rectangular geometry (no beam pockets)
(3) One-dimensional heat flow through the compartment boundaries
(4) Constant Heat Release Rate (HRR)
(5) The fire is located at the center of the compartment or away from the walls
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Spreadsheet (FDT®) Information:

Use the following FDT*:
(a) 02.1_Temperature_NV.xls
Note: Since the gypsum board is greater than 1 inch, it is necessary to use the
correlations for thermally thick material.

FDT® Input Parameters:
- Compartment Width (w,) = 12 ft
- Compartment Length () = 10 ft
- Compartment Height (h,) = 8 ft
- Vent Width (w,) = 3 ft
- Vent Height (h,) = 4 ft
- Top of Vent from Floor (V;) = 4 ft
- Interior Lining Thickness (8) = 6 in
- Ambient Air Temperature (T,) =77 °F
- Specific Heat of Air (c,)= 1 kJ/kg-K
- Material: Select Gypsum Board on the FDT®
- Fire Heat Release Rate (| = 300 kW

Results*
Hot Gas Layer Temperature (T,) Smoke Layer Height (z)
°C (°F) m (ft)
(Method of MQH) (Method of Yamana and Tanaka)
249 (480) 1.22 (4.00)
(smoke exiting vent, z < V)

*see attached spreadsheet on next page att =2 min
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Spreadsheet Calculations
FDT®: 02.1_Temperature_NV.xls

CHAPTER 2. PREDICTIHG HOT GAS LAYER TEMPERATURE AHD SMOKE
LAYER HEIGHT IH A ROOMFIRE WITH HATURAL VENTILATION
COMPARTMENT WITH THERMALLY THICK/THIN BOUNDARIE S

wersion 18050

The oW cakcn btons estinate the bot gas Eeremperatare and smoke Eer b2 Ot b enclane e,

Parame®rs In VELLCOWIZELLS are Bnters

d by the Ueer,

Farame®rs In GREEN CELLS are 2utomatically Selec®d Tom e DROP DOWH MENU for the Materlal Selec B d.
Allzabzecpentovprtvales are caknlae dly e spreakbestand base dor vales specrec v e prt

pammek B, Thk spreadibect b prokced andse cir Davokle rToE de ©a wiong e iy ea ce i),

The chapk rinthe NUREG shon bl b= eadbetk an anakik E maxk .

IHPUT PARAMETE RS

"TOMPE RTMENT THFCR MAT 0
Compa tme st WHE
Companme it Lereth 03
Compatme it He kbt 4

e TV KIER W
WentHe bt i s
Top ot wenttom Fhbar &
Interkor Linlg ThEkeess &

12.00
10.00
8.0

3.0
LoD
L.00
6.0

—— -
AMBIENT SONDITEC NS

AmbErtar Tempeatie T

Spechic Heatot Alr &) 10

AmbEytAT Denily ¢ 1,15 [Fam
THEREMAL PROPERTIES OF COMPARETMENT ENCLCS ING SURFAZES FORE

Interkar Linlea Themal he b 0.8

Iwterior Linle g ThemalCondn oo0odIT

Interior Linl g Speciic Heat i 1.1

Interiar LInle ) Dens by @) EE]

Mok - AT deri by wilavomatically correct whh 2mbe s tair Te mpe ame 70 hpt

EXFERIMENTAL THERKMAL FROFERTIES FOR COMMON INTERIOR LIMING MATERIALS

Bt fal r.p-? k o i Select Material

i Ao —sec Lk -1 kb ol LREIN Ginsum Board E
Al A e 00 0206 0595 2710 Seroll to deslrsd matrial then
B el 5% Calon) 197 o0s 0455 7350 Cick he selection
ColcrEE 2.8 00015 0715 2400
Brik 1.7 =3 0= 200
Glas, Plak 1.6 o ST G 0= 710
BrckConc B e B biok 1.2 00T 3 = 1900
Gyps vm Boar 0.18 0.7 1.1 =0
Plwoiel 0.8 ) b 25 540
Fler lnznlatbn Board .16 000053 123 2
= hipcard 0.15 00 125 =0
2 @k COICEE 0.12 el 056 50
Pl e xoa el 0.1z 0mnG 05l =30
Caklim SlEak Boarl 0.0 I K] .12 T
20m kA Sk Blck 0,035 000 4 1 e
Glass Fher 3o lation 0.001 5 0 0000 0 [
Expanded Polyitiens 0.001 00003 15 el

EiE 1 vae EwE 1'ale EiE riaine

User Spechied Vake

EvErvale
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FIRE & FECIFECATICHN S
FIe Heat Rekace Rate @) 300.00
[ alculzte

METHOD OF Mz CAFFREY, GUINTIERE, AMD HARKLEROAD [MGEH)

AT = GES AR 3@
Whe R AT =T, =T = apper lyergas temp= mtare e above ambkit)
O = jeatekae rak ottie e &
A = apaotue illaton opes g i
b= ke totve vllaton open by g
bo=conve ot beat tans BreoeEk et KR -1
A =1fotalara of te comparin e nte voke g sartace bonadark s ex chdlig aea ot vertop=a kg dn)

Area of Ventlatlon Spening Cale ulatlon

A= WD

Whe kg A =araotue ifllaton o= |Il:_| in;
W= yertwhth an
bo=ve rthekghting

5 - 111 m

Thermal Pe netration Tim & Salculation
1= oA Bz
Whe E to=themalpenetration tne gec)
po= IR COnStracton de s i kadn
Co= Wnterbrconstraction ke atcapachy k-

K o= IErir constrection e mal condectv ke &m -1
= W rbrooestmction ik eess M

t= IE06E.24 zec

Heat Trameter Zos Me lamt Sale ulation
b= uikpot Trt=t or 0] Tort=1t
Whe B b= heattans®rcoetick it £Am =K
Epo= WEMRroorcton themal e b EWn -1 <ec
i the moal proje my of makerial espori bl Brte ae ot emperat g rkes
t=thie ST KLkby 3ec
e WhE I bw BT ek
Area oT Compartment Enclosing Surface Boundaris s
b= Ewr B4+ owi4+2h ot by -2
WieE A= talara of the comparim e te pchos g srfacs o edark § ex chdg aea ofvertopea b i)
W = i [ e it wkith dnG
| = compatme vt B agth i
b =comparme ithe ki
A o= akactue rtkton opy g i
L 53.55 M

Com partment Hot Gas Layer Temperaturs At Hatural venilation
AT = GES s 0 R

4T, = T-T

T=- AT +T
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Time &tter lgnidon (1) 1 AT, T T,
i e ] kA - L [ ) N
0.on - - 29800 25.00
1 1] 0.03 133.63 4T 63 22463
2 128 b.04 21414 F12.14 245.14
3 160 [ 235,81 EERER 26481
4 40 0.03 25153 343,53 7650
3 300 0.0 26112 33312 286.12
1] ) b.02 25310 110 31810
13 00 001 313.353 G11.53 335.53
20 1200 0.01 42893 G26.93 333.93
23 1500 0.01 34146 (LN 1Y JEE.46
30 16010 [T 35153 [HEEE ERCEE]
33 2100 0.1 A [FEN 38616
40 2400 0.01 469,28 [ 33426
45 aran b.01 ATE.ED Er4.60 40160
=11] 3000 0.01 383.28 GE1.28 405.28
33 3300 0.01 36341 GET.41 414.41
1] 3e00 0.1 35310 3510 420,10
Hat Gas Layer Tempe@ture
Naurd “&ntilation (W2 H hiethod))
200
200
& 700
p GO0 =
5 o0 ;.f
o 00
£ =00
o 200
=t
100
I:l 1 1 1
1] 10 it a0 G0
Time [mim)
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ESTIMATIMG SMOKE LAYER HEIGHT
METHOD OF YARMANA AND TANARA

LRt R TR B

Wk Z=moke Byerbekhting
@ =heatrekaze rak ofthe Mg KW
t=tine ater Kokbn e
b =comparme ithekhtims

A, = comparkn e trboranea dn
b =a constntgbe v by k= 0076
po = bt gas layver de ks Hy dkom )
Pl g Ren by po= 3ERT
T.=botgar BEremperat e (45

Com partment 2rea Caleulation

wa

& = comparmestrborasain

W= ol pa tme it wkith dnG

| = cofn = tme it B gt dnd
115 M

Whe B

HotGas Laver Denalty Calculation
p= JEAT

Caleulation for Cons tant K
k= 0107 &vp

Smoke Gas Layer Helght W Hatural vendlaton
z= [ZE2 381+ 07k

Cagtion! The = moke lawer height is 2 conserwative estirde andis only
intended to provide =n indicgion wherethe hot g== layerislocged. Caculaed
=rake layer height bed orerthe went height =re not credit able since the calculation

i= nt accourting for the smoke exiting the wert.

Timsa ' Constant ik} | Smoke Layer belght [ Smoks Layer halght

i iy kM s AN - L zifh
] 118 .06 4 1.4 &.00
1 .71 0107 1.22 4.00 CAUTEH:
2 [ 0.112 1.22 4.00 ZAUTICH:
3 0.6 0116 1.22 4.00 CAUTEH:
4 .64 0118 1.22 4.00 AUTIZN:
5 .63 0.120 1.22 4.00 UTISH
10 .E0 0127 1.22 4.00 ZAUTICH:
15 .58 0132 1.22 4.00 AUTECH:
20 .56 0133 1.22 4.00
5 0.55 0138 1.22 4.00 AUTECH:
30 .54 0,140 1.22 4.00 UTEZH:
35 .54 0.142 1.22 4.00 CAUTECN:
4 0.53 0,144 1.22 4,00 CAUTEZ N
45 .52 0,143 1.22 4.00 AT N
50 0.52 0.147 1.22 4.00 CAUTEH:
35 0.51 0.148 1.22 4.00 CAUTICN:
[ .51 0.143 1.22 4.00 CAUTEH:
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Smoke Layer Height
M aturalfentil stion (hdethod of ¥amana and Tanada)

]

-

[T

-
*
-
-
*
-
3
-
-
£ 3
-
-
*

Height from Floor (ft)
O = b3 fu Ch D G

o

10 o =0 40 a0

Time (min]

NOTE

The above caknlatbns are based on picipbs cevebped b the SFPE Handbook of Fie

Prokction Evglieerng, 3 Bdkba, 3002

Caknlatbos ag based on ceriab assumptons and bave Wheratln Batioes. The rank of 2ach
caknlations may ormay 1ot baue reatoabk predictve capablifk s Bragbe s aton, avd shonk
only e Wempreted by an o me d vger,

Atdongheach caknaton b e speadsies thas bee v veriMed wkh the @ ante othand cakn btion,
e @k voatsolt e gramres oTthe accn @oy of e e cabn o,

Apyopestons, comment, conce red, and $ngoe stag, or b repnrtan a0 b te spR kit
pkase ze ad an emali vk oo,
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Example Problem 2.16.1-3

Problem Statement

Consider a compartment that is 8 ft wide x 8 ft long x 6 ft high (w_ x I, x h.) with a simple vent that
is 2 ft wide x 3 ft tall (w, x h,). The construction is essentially 0.75 ft thick concrete. The fire is
constant with an HRR of 1,000 kW. Assume that the top of the ventis 3 ft. Compute the hot gas
temperature in the compartment, as well as the smoke layer height at 3 minutes.

*7Wc=8ft4"

lo=8ft

Y
Q = 1000 kW b

S

Example Problem 2-3: Compartment with Natural Ventilation

Solution
Purpose:
(1) Determine the hot gas layer temperature in the compartment (T ) at t = 3 min after
ignition
(2) Determine the smoke layer height (z) at t = 3 min after ignition
Assumptions:
(1) Air properties (ambient) at 77 °F (25 °C)
(2) Simple rectangular geometry (no beam pockets)
(3) One-dimensional heat flow through the compartment boundaries
(4) Constant Heat Release Rate (HRR)
(5) The fire is located at the center of the compartment or away from the walls
Spreadsheet (FDT®) Information:
Use the following FDT®:
(@) 02.1_Temperature_NV .xls
Note: Since concrete thickness is greater than 1 inch, it is necessary to use the
correlations for thermally thick material.
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FDT® Input Parameters:
- Compartment Width (w,) = 8 ft
- Compartment Length (1) = 8 ft
- Compartment Height (h,) = 6 ft
- Vent Width (w,) = 2 ft
- Vent Height (h,) = 3 ft
- Top of Vent from Floor (V;) = 3 ft
- Interior Lining Thickness (8) = 9 in
- Ambient Air Temperature (T,) =77 °F
- Specific Heat of Air (c,)= 1 kJ/kg-K
- Material: Select Concrete on the FDT®
- Fire Heat Release Rate (()|= 1,000 kW

Results*:
Hot Gas Layer Temperature (T,) Smoke Layer Height (z)
°C (°F) m (ft)
(Method of MQH) (Method of Yamana and Tanaka)
571 (1,060) 0.91 (3.00)
compartment filled with smoke)

*see spreadsheet on next page att =3 min
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Spreadsheet Calculations
FDT®: 02.1_Temperature_NV.xls

CHAPTER 2. PREDICTIHG HOT GAS LAYER TEMPE RATURE AHD SMOKE
LAYER HEIGHT INH A ROOMFIRE WITH HATURAL VENTILATION
COMPARTMEHNT WITH THERMALLY THICK/THINH BOUHDARIE S

wersion 18050

The Bhowlig cakn btors estinats the bot gas Eeremperatare avd smoke Eerbe bt b enckang e,

Parame®rs In YELLCW CELLS are BEnters

d by the User.

Parama®rs In GREEN CELLS ars Automatically $slec®d Tom e DROP DCWWH MENY frthe Materal Salsc g,
Allzabzeguertoviprtuales ae calonlak d by the spre akhes tand base doyvales sp=cled v e Wt

pammee B, Thk sprealieetE proeckd andsecire Davokle roe de ©awoegse ity b a o2 1E.

The chaperintie NURBEG shon bl = eadbetk an avaksk kmak .

IHPUT PARAMETE RS

"TOMFARTRENT NFoR MATICH
ol pa e W HS W
Comp@tme vt Lenet (13
ol P e it He Kkt 4

e W KRR oW
e ntHe bkt b
Tiofs ot WentTiom Foor i)
Interion Linleg ThCkess &)

8.0
8.0
6.0

2.0
3.0
3.0
a.00

c—r— —
AMEIENT CONDITE NS
AmbENtAT Temperatie (T

Tpechic Heatot &lr &0 1.0 s

AmbErtar Densty o 1,18 Fam
THEREMAL PROPERTIES OF COMPARETMENT ENCLOS ING SURFAZES ROR

Interior Linlnay Themal e rih o pch 29

Interkar LInle g Themal Comcdnet by ) 00016

Inte rkar LInle g Specme Heat i 0.75

Interior Linlee) De s by 5 2400

ok D AT ders by wilavbmatically correct whh 2m bk tar Te mpe e T hpt

EXPERIMENTAL THERMAL PROFPERTIES FOR COMMMON INTERIOR LIMING MATERIALS

Mk ial b.p-? K o i Select Material

AW 4o —se | dnn 1y Lk o kon 4 CRrreE E
Alum eam e 500 0206 0595 2710 Seroll to desired makrial then
kel D5% Calon 197 oos 0455 7350 Click Tis slection
CoNcEE 2.8 00015 0715 2400
Brick 1.7 0 00E 05 2600
Glws, Plak 1.6 0T 0= 710
BrickConc ek B biok 1.2 0T 3 0= 19010
Gyfs vm Baard 0.3 0007 1.1 o0
P lywoee] 0.15 I b 25 540
Fler s vlatb B oard 0.8 03 125 240
b ipbcard 0.15 oS 125 =0
20 @R COICRE 0.1z 0 G 0o 500
Pl te o rel 0.1z 000G 054 =30
Cakhm Slkak Boakl 0.0 003 112 70
Al k3 SlEak Blek 0.0 oo 1 ez
Glass Fher 3o laton 0.001 5 0 00T 05 &0
Expanded Poyitiene 0.001 00005 15 20

E vk ['valhe Euk ['ialhe EvE rvale

Uzer Spechled Vake

EvErvale
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FIRE & FECIFECATICHN S
FIe Heat Rekace Rate @) 100000+

METHOD OF Mz CAFFREY, GUINTIERE, AMD HARKLEROAD [MGEH)

AT = GES AR 3@
Whe R AT =T, =T = apper lyergas temp= mtare e above ambkit)
O = jeatekae rak ottie e &
A = apaotue illaton opes g i
b= ke totve vllaton open by g
bo=conve ot beat tans BreoeEk et KR -1
A =1fotalara of te comparin e nte voke g sartace bonadark s ex chdlig aea ot vertop=a kg dn)

Area of Ventlatlon Spening Cale ulatlon

A= WD

Whe kg A =araotue ifllaton o= |Il:_| in;
W= yertwhth an
bo=ve rthekghting

5 - 0.5 m

Thermal Pe netration Tim & Salculation
1= oA Bz
Whe E to=themalpenetration tne gec)
po= IR COnStracton de s i kadn
Co= Wnterbrconstraction ke atcapachy k-

K o= IErir constrection e mal condectv ke &m -1
= W rbrooestmction ik eess M

t= 14637 55 sec

Heat Trameter Zos Me lamt Sale ulation
b= uikpot Trt=t or 0] Tort=1t
Whe B b= heattans®rcoetick it £Am =K
Epo= WEMRroorcton themal e b EWn -1 <ec
i the moal proje my of makerial espori bl Brte ae ot emperat g rkes
t=thie ST KLkby 3ec
e WhE I bw BT ek
Area oT Compartment Enclosing Surface Boundaris s
b= Ewr B4+ owi4+2h ot by -2
WieE A= talara of the comparim e te pchos g srfacs o edark § ex chdg aea ofvertopea b i)
W = i [ e it wkith dnG
| = compatme vt B agth i
b =comparme ithe ki
A o= akactue rtkton opy g i
L 3.7 M

Com partment Hot Gas Layer Temperaturs At Hatural venilation
AT = GES s 0 R

4T, = T-T

T=- AT +T
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Tima &tter lgnldon (11 1. AT, T T, T
{n (58 W - [ i) [as] {"Fi
1] 0.on - - 29500 25.00 rr.an
1 [41] 0.22 454.72 Ti2.72 475.72 835.50
2 128 0.6 310.41 G06.41 33541 KRR S
3 160 013 S46.03 G403 3103 1055.97
4 240 0.1 FTLA1 [FHER 39791 1106.25
3 300 [N F54.62 892,62 61962 1147 .32
10 E00 0.07 GET. 44 265 .44 63244 1278.53
13 00 0.0& 71410 101210 T33.10 1362.53
20 1200 0.03 T49. 18 104718 T4 16 14235.52
23 1500 0.04 TIr. 36 107 5.56 602,56 1476 .62
30 18010 b.04 80156 10898.56 82658 15 15.80
33 2100 .04 8§22 42 1120.42 547 .42 1557 .33
40 2400 0.0% A 40,52 113832 565.92 153066
45 FRIT] 0.03 FEEE] 1155.53 882.53 162067
30 3000 0.03 8rL73 117 0.79 §ar.7a 16 45,02
33 3300 0.03 BEE.TE 116476 1176 167317
[31] 3600 i).03F £59.72 | 187.72 524.72 16 36 .49
Hat Gas Layer Tempeature
MNaurd “wentilation (OH hiethod)
2000

1500

=

Temparature [F
=]
= =
L) =
-

20 a0
Time (min}

fill
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ESTIMATIMG SMOKE LAYER HEIGHT
METHOD OF YARMANA AND TANARA

LRt R TR B

Wk Z=moke Byerbekhting
@ =heatrekaze rak ofthe Mg KW
t=tine ater Kokbn e
b =comparme ithekhtims

A, = comparkn e trboranea dn
b =a constntgbe v by k= 0076
po = bt gas layver de ks Hy dkom )
Pl g Ren by po= 3ERT
T.=botgar BEremperat e (45

Com partment 2rea Caleulation
wa
& = comparmestrborasain
W= ol pa tme it wkith dnG
| = cofn = tme vt B gt dnd
.35 M

Whe B

HotGas Laver Denalty Calculation
p= JEAT

Caleulation for Cons tant K
k= 0107 &vp

Smoke Gas Layer Helght W Hatural vendlaton
z= [ZE2 381+ 07k

Cagtion! The = moke lawer height is 2 conserwative estirde andis only
intended to provide =n indicgion wherethe hot g== layerislocged. Caculaed
=rake layer height bed orerthe went height =re not credit able since the calculation

i= nt accourting for the smoke exiting the wert.

Timsa ' Constant ik} | Smoke Layer belght [ Smoks Layer halght

i iy kM s AN - L zifh
] 118 .06 4 1.83 6. 00
1 .47 0162 0.51 3.00 CAUTEH:
2 .44 0174 0.31 3.00 ZAUTICH:
3 0.42 0.182 0.51 3.00 CAUTEH:
4 041 0188 0.51 300 AUTIZN:
5 0.4 0.132 0.51 3.00 UTISH
10 037 0.208 0.31 3.00 ZAUTICH:
15 .35 0.218 0.51 300 AUTECH:
20 .34 0.225 0.31 3.00
5 0.33 0.232 b.51 500 AUTECH:
30 0.32 0.237 0.31 3.00 UTEZH:
35 .32 3.241 .91 3.00 CAUTECN:
4 0.31 0.243 0.31 3.00 CAUTEZ N
45 0.31 0.243 0.51 300 AT N
50 0.3 0.252 0.51 3.00 CAUTEH:
35 0.30 0.253 0.51 300 CAUTICN:
[ 0.3 0.258 0.51 3.00 CAUTEH:
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Smoke Layer Height
M atural W entil stion (hethod of ¥amana and Tanaka)

.J—\? F
et
(=1
il
|
E.H
2 3 e @ @ % @ @ 2 @ # @
524
=1
ok * * : : *
] 10 m 20 40 a0
Time [min]

NOTE

The above cakcnlatbns are based on piicip ks cevekped b e SFPE Hanibook of Fie

Proe ction Evileerhi, 3 BIEDy, 2002,

Caknlatb: ar bazed on cerlah Assamptons awl bave nherentin Batons. The raaks ofsach
cakenlation: may ormay vot kave reaonabk predictive capabiig s ragbe s s maton, and $honkl
obl e epreted By an kme o vier.

Athongheach cakalaton b te speadsies thas Dee s veriecd wkh the ol oThawd caken Bion,
e ek voalsolne gramre s oTthe acon oy of e e cabn ltons.,

Aryouestons, comment, conce e, and sngoe s, or o eportan o b e speakieet
peaze e al an emalD v £oon.
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2.16.2 Forced Ventilation
Example Problem 2.16.2-1

Problem Statement

Consider a compartment that is 16 ft wide x 16 ft long x 12 ft high (w_ x I_ x h,), with a vent opening
thatis 3 ft wide x 7 ft tall (w, x h,). The forced ventilation rate is 1,000 cfm (exhaust). Calculate the
hot gas layer temperature for a fire size of 500 kW at 2 minutes after ignition. The compartment
boundaries are made of (a) 1 ft thick concrete and (b) 0.7 inch thick gypsum board.

w_=16ft '
i |

h =12t

= 1000 ¢fm

Q = 500 kw \

Example Problem 2-4: Compartment with Forced Ventilation

Solution

Purpose:
For two different interior lining materials determine the hot gas layer temperature in the
compartment (T,) att = 2 min after ignition.

Assumptions:
(1) Air properties (ambient) at 77 °F (25 °C)
(2) Simple rectangular geometry (no beam pockets)
(3) One-dimensional heat flow through the compartment boundaries

(4) Constant Heat Release Rate (HRR)

(5) The fire is located at the center of the compartment or away from the walls
(6) The bottom of the vent is at the floor level

(7) The compartment is open to the outside at the inlet (pressure = 1 atm)
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Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) For Concrete:

02.2 Temperature_FV.xls

(b) For Gypsum Board:

02.2_Temperature_FV.xls

Note: Since concrete thickness is greater than one inch, it is necessary to use the
correlations for thermally thick material. However, since gypsum board thickness is less
than 1 inch, it is necessary to use correlations for thermally thin material. Also, each
spreadsheet has a different method to calculate the hot gas layer temperature (T).

We are going to use both methods to compare the results.

FDT?® Input Parameters: (for both spreadsheets)
- Compartment Width (w_) = 16 ft
- Compartment Length (I,) = 16 ft

- Compartment Height (h,
- Interior Lining Thickness (8) = 12 in (concrete) and .7in (gypsum board)

)= 12 ft

- Ambient Air Temperature (T,) =77 °F
- Specific Heat of Air (c,)= 1 kJ/kg-K

- Material: Select Concrete and Gypsum Board on the respective FDT?®

- Compartment Mass Ventilation Rate (m) = 1,000 cfm
- Fire Heat Release Rate ((J|= 500 kW

- Time after ignition (t) = 2 min.

Results*

Boundary Material

Hot Layer Gas Temperature (T,)

°C (°F)
Method of Foote, Pagni Method of Deal
& Alvares (FPA) & Beyler

Concrete 142 (288) 87 (190)

Gypsum Board 218 (426) 223 (452)

*see spreadsheets on next page att = 2 min.
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Spreadsheet Calculations
(a) Boundary Material: Concrete
FDT®: 02.2_Temperature_FV .xls

CHAPTER 2. PREDICTING HOT GAS LAYER TEMPERATURE IN A ROOM

FIRE WITH FORCED VENTILATION

COMPARTMENT WITH THERMALLY THICK/THIN BOUNDARIES

Version 1805.0

The following calculations estimate the hot gas layvertemperature and smoke layer height in enclosure fre.

FPararneters in YELLOWY CELLS are Entered by the User.

Pararmeters in GREEN CELLS are Automatically Selected from the DROP DOWH MENUfor the Material Selected.
Al subsequent output value s are calculated bythe spreadsheet and based on value = specified inthe input

par@ameters. This spreadsheet is protected and secure to awoid emors due to 3 wrong entry in 3 i)
The chapter in the HUREG should be read before an analysis is made.

INFUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (o ) 1600|m L& m
Compartment Length () 1600|n LEEm
Compartment Height (h ) 1200|n 3EEm
Interior Lining Thickness (63 1200(n 0304 m
AMEBIENT CONDITIONS
Ambient Ar Temperature (T, TTO0(F 2500 T
2500 |
Specific Heat of Air iz ) 100 [kJkiH
Ambient Ar Density (e, 1 .18[kam
THERMAL PROFPERTIES OF COMPARTMEMNT ENCLOSING SURFA CES
Interior Lining Thermal Inertia (kpc)) 2.8 mm - s e
Interor Lining Thermal Cond uctivity (0 0001 6 [kt +
Interior Lining Specific Heat (o) 075k
Interior Lining Density (p 2400 [kepin
Mate: Ar density will automatically comect with Ambient A Temperature (T Input
THERMAL PROPERTIES FOR COMMOHN INTERIOR LIHNING MATERIALS
[ . ke k o P Select Materizl
iaterial
(tin Ky -see |pimel)  |GeWkaky  |kkgdn ) [ Carerete -
Auminum (pure] 500 0.206 0DE95 2710 Sorollto desired material then
Steel (0.5% Carbon) 197 0054 0 465 7 850 Click on selection
Concrete | 0.0016 Ora 2400
Biri ck 17 00003 0s 2 600
Glass, Plate 15 00007 oa 2710
Brick/Cancrete Block 12 0.00073 n&4 14900
Gypsum Board 0.1g 0.00017 1.1 o 50
Plywaad 0 .16 0.00012 25 5 40
Fiber Insulation Board 0 .16 0.00053 124 240
Chipboard 0.15 0.00015 124 G200
Ferated Concrete 0.1z 0 00026 0ag 500
Plasterboard 0.12 0.00016 ) 9450
Calcium Silicate Board 0098 0.00013 112 700
Aumina Silicate Block 0 036 0.00014 1 260
Glass Fiber hsulation 00015 0.00003 7 os 1]
Expanded Palystyene 0001 000003 4 15 20
User Specified alue Eriter'value Eniter Walue Eniter “Walue  [Enter "alue

Rate pnce : Kok, [ J e, Afwciples of Smore ima gemend 2002 Page 270
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COMPART MENT MASSWENTILATION FLOW RATE

Farced Wentilation Flow R ate (m 100000 fetm 0472 M HeC
0559 kigsec
FIRE SPECIFICATIONS
Fire Heat Release Rate (L) 500 00 |k
Calculate

METHOD OF FOOTE, PAGNI, AND ALVARES (FPA)

Fe® B hce | SFPEHzndbook of Fle PoBcton Sngitesring, 3 Editt, 2002, Page 3-177.

ATy Ta = DB Mo Tal e Armg
i hare ATy =Ty- Ta= upper layer gas temperature rse above ambient (K
Ta= ambient air temperature (K
0= heatreleaze rate of the fire (i)
m = compartment mass wentilation flow rate (kgfsec)
o = specific heat of air (kdMhg-K)
tx = comvective heat transfer coefficient ﬂ('ull'.l'm:-Kj
Ar=total area of the compartment enclosing = urface boundaries (m_'j

Therma Penaration Tim:a Calculation
= (Poph ) (542)°
Wi here { = thermal penetration ime (sec)
P = interior corstruction -:Iens'rl'g,rﬂcg."mz)
o = interior construction heat capacity (kg k)

k = interior corstruction thermal conductiviby gontime 1)
& = interior construction thick ness (md

t= 2E122 32 sec

Heat Transfer Coefficient Calculation
by = wikpoty fortety or (kify fort =g
Wi here ty = heattransfer coefficient Ckiym™- )
kpc = interior construction thermal ineria ﬂc'ull'.l'm:-K'J:-s e
{athermal property of material responsible for the rate oftemperature ris 2
t= time after ignition (sec)
Seetable below for resuls
Area of Compat ment Bhdosing Suface Boundaries

AT= 2iwex k1 + 2 Chexwd + 2 Chex k)
Wit here A= total area of the compartment enclosing = urface boundaries (m:j
e = com partment width (m)
l.= compartment length {m}
he= compartment height (m)
Ay = area of wentilation opening (m:J
#r= 11g.z m°

Compartmert Hot Gas Layer Tempersture With Forced Wertilaion
ATgfTa= DEHD mep Tal  eAmmea)

-I':l-Tq = Tq' Ta

Tq = -I':l-Tq +Ta
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Reszsults

Ti re After Ignition ) bk AT Ty AT, Ty Ty Ty
{miny (sec) (N ) 3] ] ] ]
a a - - - 23200 25.00 F7.00
1 50 0.2z 0.35 103,75 40178 128 7§ ZB3TT
2 120 016 0.39 1755 41555 142 55 282.59
3 180 0132 0.4z 126.45 424 A5 15145 204.51
4 240 .11 0.45 132317 43117 15817 21671
5 300 0.0 0.47 13853 43653 B2 53 326.54
10 600 0.av 0.53 157.05 455 05 18205 359.70
15 500 0.0E 057 162,54 455 94 19294 251.10
20 1200 0.05 0.0 177 .92 47592 A2 a2 39726
25 1500 0.04 nEz 18524 48321 2021 410.39
eln] 1500 0.04 0.54 191.39 4539239 B39 42451
35 2100 0.04 0.EE 196,78 434 752 2178 431.20
40 2400 0.03 0.2 201 .57 499 57 LIEAT 439.82
45 7o 0.03 0.69 205.58 0388 L3088 447539
a0 R0 0.03 0.7 2095 20783 34 83 454.69
a5 Fi00 0.03 0.72 21345 51146 L33 A6 46122
[=1n] Fe00 0.03 0.73 26 .24 514 83 24183 4E57.29
Hot Gas Layer Temperature
Forced Yertilation - FP & Method
S00
IET 400 : “’_’,—“k_ *
£ 200
8 om0 I
L 200
E
2100 ) 5
5k
0 10 20 a0 a0 G0
Time (min
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METHOD OF DEAL AND BEYLER

Re® By | SFPE Handbook of Fle Poeclon Engivearing, 37 Editbe, 2002, Pagg 3-173.

Heat Transfer Coefficient Calculation

he =
M here

by =

Odvwikped D fart<tp
tx = heattransfer coefficient (k'ull'.l'm:- [}

kpe = interior zonstruction thermal ineria (k'ull'.l'm:-K'J:-s ai
(athermal property of material responsible for the rate oftemperature ris 2
8 = thickness of interiar lining {m)

oogs krmT-

Arem of Compatment Bhdosing Suface Boundaries

A=
b=

11392 M

2w 23 1) + 2(h o i) + 2(hex )

Compartmert Hot Gas Layer Temperature With Forced Yertilaion

ATy= 0/ (m ot he

M heare

Ta= ambient air temperature (K

L= heatrelease rate of the fire (o)
m= compartment mass wentil ation flow rate (kg'sec)
op = specific heat of air (kdfHg K

tx = comvective heat trarsfer coefficiant (k'l.l'l.l'.i'm:-Kj
A= total area of the compartment enclosing s urface boundaries (m:J

ATy =Ty- Ta= upper layer 9as temperature rise abowve ambient (K]

Tirne After lgnition [t] hik AT, Ta Ta Ta
(miny (Zac) i) (k2 ] ] L°F2
u] Ju] - - 2583.00 25.00 77.00
1 EQ 0.09 45.39 34339 7028 15870
2 120 0.0 5287 360.87 8787 18016
] q20 0.05 T5.280 37380 10020 21243
4 240 0.04 86.39 384.33 11138 Z3z 50
5 200 0.04 95.50 39380 12050 24280
10 [=alu] 0.0z 123.33 42733 154323 20880
15 00 0.0z 15341 451.41 17841 25315
20 1200 0.0z 172.87 47087 189757 BT E2
25 1500 0.0z 182 684 486 B4 21364 A1E 55
a0 1800 0.0z 20287 50057 Z2TAT 44152
35 2100 0.01 214.90 512.90 38480 AE3 82
40 2400 0.01 22594 52399 25053 48378
45 2700 0.01 23508 534.08 ;108 50154
a0 3000 0.01 24534 G433 27034 S18E2
55 3300 0.01 25382 551.92 2F8Az2 34 06
[=]n] 3600 0.01 261.90 553.90 ZE8E A0 S5 43
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Hat Gas Layer Ternperature
Forced wentilation - Deal and Beye rbiethod
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=
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=
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1] 10 1] a0 40 a0 1]
Time (min]

Hat Gas Layer Ternperature
Faorcad “Werntilation
GO0

=== [ F 2 Me o

-____'_._,_n-l-".-'-_—. © s TR
A00

=

Temperature (F)
=
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1] 10 0 30 40 50 Gl
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The abowe caleulations are based on pinciples deweloped inthe 5FPE Handbook of Fire Protection
Enaireering, 3 Biition, 2002.

Cacubtions are ba=sed on certan assumptions ard hawe irherent limitations. The results of such
cakulaions may or may not hawe reasonable predictive capabilties for 3 given stuaion, and should
onlybe interpreted by an nformed user.

Athough each calcuation in the spreadshea has been verified with the results ofhand caouation,
there is o absalute qguarantee ofthe aczuacy of these calouldions .

Aryquestions, comments, concems, and suggestions, orta repart an emns) in the spreadsheet,
please send an emal to niEnnc.gor or ms3Ennc.goe.
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(b) Boundary Material: Gypsum Board
FDT®: 02.2_Temperature_FV.xls

CHAPTER 2. PREDICTING HOT GAS LAYER TEMPERATURE IN A ROOM

FIRE WITH FORCED VENTILATION

COMPARTMENT WITH THERMALLY THICK/THIN BOUNDARIES

Version 18 05.0

The following calculations estimate the hot gas layvertemperature and smoke layer height in e nclosure fre.

FPararmeters im YELLOW CELLS are Entered by the User.

Pararneters im GREEN CELLS are Automatically Selected from the DROP DOWH MENUfor the Material Selected.
Al zubsequent output value = are calculated bythe spreadsheet and based on value = specified inthe input

parameters. This spreadsheet is protected and secure to awoid emors due to 3 wrong entry in 3 i),
The chapter in the MUREG should be read before an analysis iz made.

INFUT PARAMETERS
COMFARTHMENT INFORMATION

Compartment Width (o ) 1600|n LEm
Compartment Length () 1600 LEm
Compartment Height th 1200|n 3EG m
Interior Lining Thickness (6] || OOiTIE m
AMEIENT COMDITIONS
Ambient Ar Temperature (T, °F 2500
ZE00 |
Spedific Heat of Air (c ) 100[kJkeH
Ambiert Ar Density (e, 1.1gkam
THERMAL PROPERTIES OF COMPA RTMEMT EMCLOSING SURFACES
Interior Lining Thermal Inertia (kpc’) O 8| nan -Ky - c
Interior Lining Thermal Conductivity (k71 0.0001 7 fkinvim -4
Interior Lining Specific Heat (o) 1. ke
Interior Lining Density (F 96 0 |kepin
Mate: Ar density will automatically comect with Ambient Ar Temperature (T Input
THERMAL PROPERTIES FOR COMWVION INTERIOR LINING MATERIALS
f pc k o ) Select Materis
AT - K -=ec |digim- k) (e g kD) (g dm) I Gypsum Boand B
Aurminum (pure] s00 0.206 n2as 2710 Seorollto desired material then
Steel (0.8% Carbon) 197 0.054 0465 7250 Click on selection
Concrete 28 0.0016 n7s 2400
Brick 17 0.0008 [LE] 2600
Glaszz, Plate 16 0.00076 [LE] 2710
Brick/Concrete Block 12 0.00073 ngE4 1900
Gypsum Board 0.1a 0.00017 1.1 960
Plywiood 016 0.00012 x5 540
Fiber Insulation Board 016 000053 124 240
Chipboard 0.15 0.00015 125 200
Ferated Concrete 0.12 0.00026 nag 500
Plasterboard 0.12 0.00016 D4 950
Calzium Silicate Board 0098 0.00013 112 700
Aumina Silicate Block 0036 0.00014 1 260
Glas=s Fiber hsulation 00018 0.000037 [LE] G0
Espanded Polystwene 0001 000003 4 15 20
User Specified “alue Eriter value Eiter ‘JWaluea Eniter “Walue  [Enter "alue

Rete RNE D HIOE o . A, Piicies of Smoke Lenagament 2002 Page 270.
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COMPART MENT MASSWENTILATION FLOW RATE

Farced Wentilation Flow R ate (m 100000 fetm 0472 M HeC
0559 kigsec
FIRE SPECIFICATIONS
Fire Heat Release Rate (L) 500 00 |k
Calculate

METHOD OF FOOTE, PAGNI, AND ALVARES (FPA)

Fe® B hce | SFPEHzndbook of Fle PoBcton Sngitesring, 3 Editt, 2002, Page 3-177.

ATy Ta = DB Mo Tal e Armg
i hare ATy =Ty- Ta= upper layer gas temperature rse above ambient (K
Ta= ambient air temperature (K
0= heatreleaze rate of the fire (i)
m = compartment mass wentilation flow rate (kgfsec)
o = specific heat of air (kdMhg-K)
tx = comvective heat transfer coefficient ﬂ('ull'.l'm:-Kj
Ar=total area of the compartment enclosing = urface boundaries (m_'j

Therma Penaration Tim:a Calculation
= (Poph ) (542)°
Wi here { = thermal penetration ime (sec)
P = interior corstruction -:Iens'rl'g,rﬂcg."mz)
o = interior construction heat capacity (kg k)

k = interior corstruction thermal conductiviby gontime 1)
& = interior construction thick ness (md

t = 490 .93 sec

Heat Transfer Coefficient Calculation
by = wikpoty fortety or (kify fort =g
Wi here ty = heattransfer coefficient Ckiym™- )
kpc = interior construction thermal ineria ﬂc'ull'.l'm:-K'J:-s e
{athermal property of material responsible for the rate oftemperature ris 2
t= time after ignition (sec)
Seetable below for resuls
Area of Compat ment Bhdosing Suface Boundaries

AT= 2iwex k1 + 2 Chexwd + 2 Chex k)
Wit here A= total area of the compartment enclosing = urface boundaries (m:j
e = com partment width (m)
l.= compartment length {m}
he= compartment height (m)
Ay = area of wentilation opening (m:J
#r= 11g.z m°

Compartmert Hot Gas Layer Tempersture With Forced Wertilaion
ATgfTa= DEHD mep Tal  eAmmea)

-I':l-Tq = Tq' Ta

Tq = -I':l-Tq +Ta
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Reszsults

Ti re After Ignition ) bk AT Ty AT, Ty Ty Ty
{min} (sec) (N ) 3] ] ] ]
a a - - - 23200 25.00 F7.00
1 50 0.05 0.57 171.13 453913 196 .13 385.04
2 120 0.04 0.ES 192587 49187 M2 ET 42597
3 180 0.0z 0,70 20855 H0E 55 23355 452.38
4 240 0.03 0.74 21963 SMTES 24 B3 47234
5 300 0.0z 077 228 54 52654 25354 4588.54
10 600 0.01 1.02 340.79 E13.79 HE79 ESd.43
15 500 0.04 1.08 32074 BERE] 570 E54.43
20 1200 0.04 1.08 340.79 E12.79 HET9 E5d4.43
25 1500 0.04 1.08 32074 BERE] 570 E54.432
eln] 1500 0.04 1.08 30.79 E12.79 HET9 E5d4.43
35 2100 0.04 1.08 232074 1879 570 E54.432
40 2400 0.04 1.08 30.79 E12.79 HET9 E5d4.43
45 7o 0.01 1.08 220.79 E13.73 579 ESd.43
a0 R0 0.04 1.08 340.79 E12.79 HET9 E5d.43
a5 Fi00 0.01 1.08 220.79 E13.73 579 ESd.43
[=1n] Fe00 0.0 1.08 30,79 E13.79 579 E5d4.423
Hot Gas Layer Temperature
Forced Yertilation - FP & Method
00 ¢
~ B00 L
(g yd
Ef 00 E /‘,
S 400 E f
o 300 B
|
E 200
100 &
g E
0 10 20 a0 40 a0 G0
Time (min
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METHOD OF DEAL AND BEYLER

Fe® gy SFPE Handhooh of Fle Poeclon Engitearing, 37 Editb, 2002, Pagg 3-173.

Hea Transfer Coefficent Calculation

b =
M heare

by =

Oavwkped D fartetp
tx = heattransfer coefficient (k'ull'.l'rn:- [}

kpe = interior constroction therm al inertia ﬂc'tlll'.l’rn:-lv(']:-s =1
(athermal property of material responsible for the rate oftemperature ris &)
4 = thickness of interior ining {m)

oozz kKiimT-k

Arem of Compat ment Bhdosing Suface Boundaries

1282 mo

2w e k) + 20h o ) + Zihex L)

Compartment Hot Gas Layer Temperature With Forced Yertilaion

ATy = 0/ (m ot hefr

M here

a= ambient air temperature (K]
0= heatrelease rate of the fire (A
m= compartment mass we ntil ation flow rate (kg'sec)
o = specific heat of air (kS g K)
ty = comvective heat trarsfer coefficient (k'l.l'l.l'.i'm:-K'j
A= total area of the compartment enclosing = urface boundaries (m:j

ATy =Ty- Ta= upper layer gas temperature rise above ambient (1)

Tirne After lgnition [t ] bk AT, Ta Ty Ta

{miny zec) (/i -1} L] L] ] °F
u] Ju] - - 23300 25.00 77.00
1 =] 0.0z 182.01 456.01 12301 E14z2
2 120 0.0z 208.22 506.22 3322 451 80
3 120 0.01 242,34 40,34 BT 51321
4 240 0.01 2E2 A7 5EE .57 28357 S5043
il 00 0.01 2889 58799 453 S35 83
10 [Saln] 0.01 361.55 E59.55 EESS 727749
15 00 0.01 405.93 T3 43053 27 ET
20 1200 0.00 43797 T3E.A7 452 87 5535
25 1500 0.00 46291 TEO0.91 427 91 91024
30 1800 0.00 48322 Ta1.22 0522 SiE 20
35 2100 0.00 500.23 78328 S2528 977 51
40 2400 0.00 514.94 212.94 3954 1003.29
45 2700 .00 52774 22574 55274 1026.94
a0 2000 0.00 538.08 237.08 5408 104735
55 3300 .00 549.24 847.24 7424 106563
50 ZE00 0.00 55241 25641 53341 105214
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Hat Gas Layer Ternperature
Forced wentilation - Deal and Beye rbiethod

Time (min]

E oo /-——".r
@ 700
E EDD f.-f_ e e il il e e e e
& 500 Z
400
300
200
100
1]
1] i0 z0 30 40 a0 (a1}

12000
1000 F
1y E _-_'___._,_,_.--—""-_'-—_
= oo F
z 3 -/-"""
3 £
B 600 F
i/
E &0 F
* o0 {
I
1]
1] 10 20 a0 40 a0 1]
Time mind
Hat Gas Layer Ternperature
Faorcad “Werntilation
1z00 e F P A Rece]
1100 e Dl 3wl Beyler Me Fesd
1000 .

The abowe caleulations are based on pinciples deweloped inthe 5FPE Handbook of Fire Protection
Enaireering, 3 Biition, 2002.

Cacubtions are ba=sed on certan assumptions ard hawe irherent limitations. The results of such
cakulaions may or may not hawe reasonable predictive capabilties for 3 given stuaion, and should
onlybe interpreted by an nformed user.

Athough each calcuation in the spreadshea has been verified with the results ofhand caouation,
there is o absalute qguarantee ofthe aczuacy of these calouldions .

Aryquestions, comments, concems, and suggestions, orta repart an emns) in the spreadsheet,
please send an emal to niEnnc.gor or ms3Ennc.goe.
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Example Problem 2.16.2-2

Problem Statement

Consider a compartment that is 12 ft wide x 10 ft long x 8 ft high (w, x I, x h.) with a vent opening
that is 3 ft wide x 7 ft tall (w, x h,). The compartment boundaries are made of 0.5 ft thick gypsum
board. The forced ventilation rate is 800 cfm (exhaust). Calculate the hot gas layer temperature
in the compartment for a fire size of 300 kW at 2 minutes.

W =127t '
i |

T = 800 cfm

Q= 300 kW \

Example Problem 2-5: Compartment with Forced Ventilation

Solution

Purpose:

(1) Determine the hot gas layer temperature in the compartment (T,) att = 2 min
after ignition.

Assumptions:
(1) Air properties (ambient) at 77 °F (25 °C)
(2) Simple rectangular geometry: no beam pockets
(3) One-dimensional heat flow through the compartment boundaries
(4) Constant Heat Release Rate (HRR)
(5) The fire is located at the center of the compartment or away from the walls
(6) The bottom of the vent is at the floor level
(7) The compartment is open to the outside at the inlet (pressure = 1 atm)
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Spreadsheet (FDT®) Information:

Use the following FDT*:
(a) 02.2_Temperature_FV.xls
Note: Since gypsum board thickness is more than 1 inch, it is required to use
correlations for thermally thick materials. Also, the spreadsheet has two different
methods to calculate the hot gas layer temperature. Both methods are presented for
comparison.

FDT® Input Parameters:
- Compartment Width (w,) = 12 ft
- Compartment Length (I,) = 10 ft
- Compartment Height (h,) = 8 ft
- Interior Lining Thickness (8) = 6 in
- Ambient Air Temperature (T,) =77 °F
- Specific Heat of Air (c,)= 1 kJ/kg-K
- Material: Select Gypsum Board on the FDT®

- Compartment Mass Ventilation Rate {111} = 800 cfm
- Fire Heat Release Rate () | = 300 kW

Results*
Boundary Material Hot Layer Gas Temperature (T)
OC (OF)
Method of Foote, Pagni & Method of Deal &
Alvares (FPA) Beyler
Gypsum Board 216 (423) 256 (493)

*see spreadsheet on next page att =2 min
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Spreadsheet Calculations
FDT®: 02.2_Temperature_FV.xls

CHAPTER 2. PREDICTING HOT GAS LAYER TEMPERATURE IN A ROOM

FIRE WITH FORCED VENTILATION

COMPARTMENT WITH THERMALLY THICK/THIN BOUNDARIES

Version 18 05.0

The following calculations estimate the hot gas layvertemperatire and smoke layer height in enclosure fre.

FPararmeters im YELLOW CELLS are Entered by the User.

FPararneters in GREEM CELLS are fotomatically Selected from the DROF DOWH WENU for the Material Selected.
Al zubsequent output value s are calculated bythe spreadsheet and based on value s specified inthe input

parameters. This spreadsheet i protected and secure to awoid emors due to 3 wrong entry in 3 c:lli=).
The chapter in the HUREG should be read before an analysis is made.

INFUT PARAMETERS
COMPARTMENT INFORKMATION

Compartment Width (o ) 1200|n 3EEm
Compartment Length () 1000|n 30Em
Compartment Height th 200w 24k m
Interior Lining Thickness (8] || 04524 m
AMBIENT CONDITIOMNS
Ambient Ar Temperatire (T, °F 2500 ¢
2000 |
Spedific Heat of Air i) 100(kJkeH
Ambiert Ar Density (e, 1 .1g[kam
THERMAL PROPERTIES OF COMPARTMEMNT ENCLOSING SURFACES
Interior Lining Thermal Inertia (kpc) 018 | miin =Ky -
Interior Lining Thermal Conductivity (k1 0.0001 7 fkinum 4
Interor Lining Specific Heat (o) 14 ke
Interior Lining Density (F) Q6 0 |kepin
Mate: Ar density will astomatically comect with Ambisnt Ar Temperature (T Input
THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
Iru1 s ke k o P Selact Materizl
(i K -sec lgongmely oMok (ke [ Evsim Beard -]
Auminum (pure) 500 0206 0DE95 2710 Scrollto desired material then
Stael (0.5% Carbon) 197 0.0 0 65 ¥ 8460 Click on selection
Concrate 24 00016 ors 2400
Brick 17 00003 os 2600
Glass, Plate 156 0 00076 0s 2710
Brick/Concrete Block 12 0.00073 I 14900
Gypsum Board 0.13 0.00017 1.1 o960
Plywood 016 0.00012 25 e
Fiber Insulation Board 0 .16 000053 1245 240
Chipboard 0.15 0.00015 125 200
Ferated Concrete 0.12 000026 DAG G500
Plazterboard 0.12 0.00016 na4 950
Calcium Silicate Board 0098 0.00013 112 700
Aumina Silicate Block 0 036 0.000014 1 260
Glass Fiber hsulation 00015 0000037 0s 1]
Espanded Polystwene 0001 000003 4 15 20
User Specified Walue Eniter'valus Enter Waluea Enter “Walue  [Enter "alue

Rete BNcE D HIOE, o J M, Plicies o Smoke Lanagement 2002 Page 270.
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COMPART MENT MASSWENTILATION FLOW RATE

Farced Wentilation Flow R ate (m 20000 |etm 0378 I gec
0447 kgsec

FIRE SPECIFICATIONS
Fire Heat Release Rate (L) 20000 kW

Calculate

METHOD OF FOOTE, PAGNI, AND ALVARES (FPA)

Fe® B hce | SFPEHzndbook of Fle PoBcton Sngitesring, 3 Editt, 2002, Page 3-177.

ATy Ta = DB Mo Tal e Armg
i hare ATy =Ty- Ta= upper layer gas temperature rse above ambient (K
Ta= ambient air temperature (K
0= heatreleaze rate of the fire (i)
m = compartment mass wentilation flow rate (kgfsec)
o = specific heat of air (kdMhg-K)
tx = comvective heat transfer coefficient ﬂ('ull'.l'm:-Kj
Ar=total area of the compartment enclosing = urface boundaries (m_'j

Therma Penaration Tim:a Calculation
= (Poph ) (542)°
Wi here { = thermal penetration ime (sec)
P = interior corstruction -:Iens'rl'g,rﬂcg."mz)
o = interior construction heat capacity (kg k)

k = interior corstruction thermal conductiviby gontime 1)
& = interior construction thick ness (md

t= ZE0E2 2 zec

Heat Transfer Coefficient Calculation
by = wikpoty fortety or (kify fort =g
Wi here ty = heattransfer coefficient Ckiym™- )
kpc = interior construction thermal ineria ﬂc'ull'.l'm:-K'J:-s e
{athermal property of material responsible for the rate oftemperature ris 2
t= time after ignition (sec)
Seetable below for resuls
Area of Compat ment Bhdosing Suface Boundaries

AT= 2iwex k1 + 2 Chexwd + 2 Chex k)
Wit here A= total area of the compartment enclosing = urface boundaries (m:j
e = com partment width (m)
l.= compartment length {m}
he= compartment height (m)
Ay = area of wentilation opening (m:J
#r= sE00 m

Compartmert Hot Gas Layer Tempersture With Forced Wertilaion
ATgfTa= DEHD mep Tal  eAmmea)

-I':l-Tq = Tq' Ta

Tq = -I':l-Tq +Ta
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Reszsults

Ti re After Ignition ) bk AT Ty AT, Ty Ty Ty
[rmind (5ec) (o uim- k) 3] ] ] ]
a a - - - 23200 25.00 F7.00
1 50 0.05 0.57 1E3.45 457 A5 184 45 8201
2 120 0.04 0.64 191.97 43997 HMEAT 422 .54
3 180 0.0z 0.Ea 20650 04 50 23150 448.71
4 240 0.03 073 217 .48 51548 24248 dE2.4E
5 300 0.0z 0.7e 226.39 52439 25139 454.50
10 600 0.0z 0.8 255 .47 25447 2147 532.65
15 500 0.04 iEE: 27509 57389 300 59 57351
20 1200 0.04 0.932 29055 a33 56 HE5E E00.00
25 1500 0.04 1.04 302 .45 EO0 AE 32T 4E E21.44
eln] 1500 0.04 1.05 255 E105E FITEE E39.60
35 2100 0.04 1.08 32135 E1935 HE 35 E55.432
40 2400 0.04 1.10 32317 E2T AT 4 AT EE9.50
45 7o 0.01 113 JEIC S B3 22 122 E82.20
a0 R0 0.04 145 242 EE B0 EE FETEE E93.78
a5 Fi00 0.01 147 24859 EdE 53 Fr3 59 TO4.45
[=1n] Fe00 0.0 1.19 354 .05 B5Z2 09 FF309 71436
Hot Gas Layer Temperature
Forced Yertilation - FP & Method
a00 ¢
700 E = +
e E el
=600 | e
L5000 E
= E
3 400 ;rf
2 300 F
& 200
-
100 &
g E
0 10 20 a0 40 a0 G0
Time (min
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METHOD OF DEAL AND BEYLER

Fe® gy SFPE Handhooh of Fle Poeclon Engitearing, 37 Editb, 2002, Pagg 3-173.

Hea Transfer Coefficent Calculation

b =
M heare

by =

Oavwkped D fartetp
tx = heattransfer coefficient (k'ull'.l'rn:- [}

kpe = interior constroction therm al inertia ﬂc'tlll'.l’rn:-lv(']:-s =1
(athermal property of material responsible for the rate oftemperature ris &)
4 = thickness of interior ining {m)

oozz kKiimT-k

Arem of Compat ment Bhdosing Suface Boundaries

S0 m

2w e k) + 20h o ) + Zihex L)

Compartment Hot Gas Layer Temperature With Forced Yertilaion

ATy = 0/ (m ot hefr

M here

a= ambient air temperature (K]
0= heatrelease rate of the fire (A
m= compartment mass we ntil ation flow rate (kg'sec)
o = specific heat of air (kS g K)
ty = comvective heat trarsfer coefficient (k'l.l'l.l'.i'm:-K'j

A= total area of the compartment enclosing = urface boundaries (m:j

ATy =Ty- Ta= upper layer gas temperature rise above ambient (1)

Tirne After lgnition [t ] bk AT, Ta Ty Ta
{miny zec) (/i -1} L] L] ] °F
u] Ju] - - 233.00 25.00 77.00
1 =] 0.0z 181.58 473.58 206 58 403 24
2 120 0.0z 23090 528.90 255480 492 B2
3 120 0.01 262 .42 GE0.42 =74 1947
4 240 0.01 2857 52379 073 59142
il 00 0.01 304,22 BO2.22 2822 E24 EO
10 [Saln] 0.01 362.20 EE0.20 =ETz0 72885
15 00 0.01 385.89 E93.59 42053 TS 0E
20 1200 0.00 418.60 71660 443 E0 a0 48
25 1500 0.00 435.90 73390 45080 E1E2
30 1800 0.00 449 62 74T B2 474 E2 596 31
35 2100 0.00 460.83 78389 42589 S0E B0
40 2400 0.00 470.29 TE2.3 495389 92371
45 2700 .00 47287 TTEAT 03257 qag 43
a0 2000 0.00 4857 TR 51071 95128
55 3300 .00 4592.03 7003 51703 L2 EE
50 ZE00 0.00 497 63 75 .68 522 B8 97282
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The abowe caleulations are based on pinciples deweloped inthe 5FPE Handbook of Fire Protection
Engireering, 3 Edition, 2002,

Cacubtions are ba=ed on certan assumptions ard hawe irherent limiations. The results of such
cakulaions may or may ot hawe reasonable predictive capabilties for a given stuaion, and should
onlybe interpreted by an nformed user.

Athough each calcuation in the spreadshea has been verified with the results ofhand caodation,
there is no absalute quarantes ofthe aczuacyofthese calouldions .

Pryquestions, comments, concems, and suggestions, orta repart an emes) in the spreadshest,
please send an emal to niEnnc.goy or mxs3Enn.go.




Problem 2.16.2-3

Problem Statement

Consider a compartment that is 8 ft wide x 8 ft long x 6 ft high (w, x I, x h;). The compartment
boundaries are made of 0.75 ft thick brick. The forced ventilation rate is 400 cfm (exhaust).
Calculate the hot gas layer temperature in the compartment for a fire size of 500 kW at 2 minutes.

= |
e a1t ‘

| =400 cfm

O=500 kW "

Example Problem 2-6: Compartment with Forced Ventilation
Solution
Purpose:
(1) Determine the hot gas layer temperature in the compartment (T;) at t = 2 min after
ignition.
Assumptions:
(1) Air properties (ambient) at 77 °F (25 °C)
(2) Simple rectangular geometry (no beam pockets)
(3) One-dimensional heat flow through the compartment boundaries

(4) Constant Heat Release Rate (HRR)

(5) The fire is located at the center of the compartment or away from the walls
(6) The bottom of the vent is at the floor level

(7) The compartment is open to the outside at the inlet (pressure = 1 atm)
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Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 02.2_Temperature_FV.xls

Note: Since the interior lining material thickness is more than 1 inch, itis required to use
correlations for thermally thick materials. Also, the spreadsheet has two different
methods to calculate the hot gas layer temperature. We are going to use both methods
to compare values.

FDT® Input Parameters:

- Compartment Width (w,) = 8 ft

- Compartment Length (I,) = 8 ft

- Compartment Height (h,) = 6 ft

- Interior Lining Thickness (8) = 9 in

- Ambient Air Temperature (T,) =77 °F
- Specific Heat of Air (c,)= 1 kJ/kg-K

- Material: Select Brick on the FDT®

- Compartment Mass Ventilation Rate {111} = 400 cfm

- Fire Heat Release Rate () |= 500 kW

Results*
Boundary Material Hot Layer Gas Temperature (T,)
OC (OF)
Method of Foote, Pagni & Method of Deal &
Alvares (FPA) Beyler
Brick 321 (611) 330 (626)

*see spreadsheet on next page att =2 min.

2-75



Spreadsheet Calculations
FDT®: 02.2_Temperature_FV.xls

CHAPTER 2. PREDICTING HOT GAS LAYER TEMPERATURE IN A ROOM

FIRE WITH FORCED VENTILATION

COMPARTMENT WITH THERMALLY THICK/THIN BOUNDARIES

Version 18 05.0

The following calculations estimate the hot gas layvertemperatire and smoke layer height in enclosure fre.

FPararmeters im YELLOW CELLS are Entered by the User.

FPararneters in GREEM CELLS are fotomatically Selected from the DROF DOWH WENU for the Material Selected.
Al zubsequent output value s are calculated bythe spreadsheet and based on value s specified inthe input

parameters. This spreadsheet i protected and secure to awoid emors due to 3 wrong entry in 3 c:lli=).
The chapter in the HUREG should be read before an analysis is made.

INFUT PARAMETERS
COMPARTMENT INFORKMATION

Compartment Width (o ) s00fn 4k m
Compartment Length () 200|n Zim
Compartment Height () GO0 153 m
Interor Lining Thickness (5 In 02256 m
AMBIENT CONDITIOMNS
Ambient Ar Temperatire (T, TFO0|F 2500 ¢
2000 |
Specific Heat of Ar () 100 [kJkeH
Ambiert Ar Density (e, 1 .1g[kam
THERMAL PROPERTIES OF COMPARTMEMNT ENCLOSING SURFACES
Interior Lining Thermal Inertia (kpc) 1.7 | kiim -y e o
Irterior Lining Thermal Conductivity (k) 0.0008 |kwum -+
Interor Lining Specific Heat (o) 08 ke
Interior Lining Density (F) 2600 ke
Mate: Ar density will astomatically comect with Ambisnt Ar Temperature (T Input
THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
[ . ke k o P Select Materizl
iaterial :
(kncin K -=ec Jpimel)  |Gebkaorky  [Gkgdn ) [Exick -
Auminum (pure) 500 0206 0DE95 2710 Scrollto desired material then
Stael (0.5% Carbon) 197 0.0 0 65 ¥ 8460 Click on selection
Concrate 24 00016 ors 2400
Brick 17 00003 os 2600
Glass, Plate 156 0 00076 0s 2710
Brick/Concrete Block 12 0.00073 I 14900
Gypsum Board 0.13 0.00017 1.1 o960
Plywood 016 0.00012 25 e
Fiber Insulation Board 0 .16 000053 1245 240
Chipboard 0.15 0.00015 125 200
Ferated Concrete 0.12 000026 DAG G500
Plazterboard 0.12 0.00016 na4 950
Calcium Silicate Board 0098 0.00013 112 700
Aumina Silicate Block 0 036 0.000014 1 260
Glass Fiber hsulation 00015 0000037 0s 1]
Espanded Polystwene 0001 000003 4 15 20
User Specified Walue Eniter'valus Enter Waluea Enter “Walue  [Enter "alue

Rete BNcE D HIOE, o J M, Plicies o Smoke Lanagement 2002 Page 270.
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COMPART MENT MASSWENTILATION FLOW RATE

Farced Wentilation Flow R ate (m 00 00 |etm 0489 m gec
0224 kgsec

FIRE SPECIFICATIONS
Fire Heat Release Rate (L) 500 00 |k

Calculate

METHOD OF FOOTE, PAGNI, AND ALVARES (FPA)

Fe® B hce | SFPEHzndbook of Fle PoBcton Sngitesring, 3 Editt, 2002, Page 3-177.

ATy Ta = DB Mo Tal e Armg
i hare ATy =Ty- Ta= upper layer gas temperature rse above ambient (K
Ta= ambient air temperature (K
0= heatreleaze rate of the fire (i)
m = compartment mass wentilation flow rate (kgfsec)
o = specific heat of air (kdMhg-K)
tx = comvective heat transfer coefficient ﬂ('ull'.l'm:-Kj
Ar=total area of the compartment enclosing = urface boundaries (m_'j

Therma Penaration Tim:a Calculation
= (Poph ) (542)°
Wi here { = thermal penetration ime (sec)
P = interior corstruction -:Iens'rl'g,rﬂcg."mz)
o = interior construction heat capacity (kg k)

k = interior corstruction thermal conductiviby gontime 1)
& = interior construction thick ness (md

t= IFAET BT zec

Heat Transfer Coefficient Calculation
by = wikpoty fortety or (kify fort =g
Wi here ty = heattransfer coefficient Ckiym™- )
kpc = interior construction thermal ineria ﬂc'ull'.l'm:-K'J:-s e
{athermal property of material responsible for the rate oftemperature ris 2
t= time after ignition (sec)
Seetable below for resuls
Area of Compat ment Bhdosing Suface Boundaries

AT= 2iwex k1 + 2 Chexwd + 2 Chex k)
Wit here A= total area of the compartment enclosing = urface boundaries (m:j
e = com partment width (m)
l.= compartment length {m}
he= compartment height (m)
Ay = area of ventilation opening (m:J
#r= 7 m

Compartmert Hot Gas Layer Tempersture With Forced Wertilaion
ATgfTa= DEHD mep Tal  eAmmea)

-I':l-Tq = Tq' Ta

Tq = -I':l-Tq +Ta
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Tirne After ignition [t) h, or T LL T. T. T.
(rmin) [sec) (UliAT - k) (K (K (72 (°F)
0 I - - - 298 00 2500 Fron
1 &0 017 0as 2E1 70 559 70 28670 A48 05
2 120 04z 033 296 47 584 47 32147 E10 £S5
3 150 010 107 EIEEH E16 A2 343 .92 E51 05
4 240 nng 113 235487 B33 A7 360.87 E21 56
b 300 0ns 147 349 E3 E4T £3 IF4 63 TOE 34
10 00 003 133 396 09 E54 09 421.09 T8E A7
15 500 004 143 426 08 T2408 451.08 843 35
20 1200 nn4 151 445 73 46 T3 47373 a4 M
25 1500 003 157 467 42 TES A2 432 12 917 &1
an 1800 [E] 152 482 70 TEOF0 S07 .70 945 26
35 2100 00z 187 496 28 78428 521.28 970 3
40 400 00z 171 A08 26 206 36 533.36 992 04
45 PR 00z 174 31825 817 25 544,25 101165
50 3000 onz 178 52919 827149 55419 1029.54
k] 3800 nnz 181 535 33 836 33 563.33 1046.02
J:41] 3800 00z 1584 S48 24 244 24 57184 1061.32
Hot G== Layer Temperature
Fareed Wentilation - FPA Method
1200
'.;T 1000 ____.‘___.__._.-— *
= =00
E ﬂ
m GO0
1,0
E <o
a
= Zoo
*
o
a 10 20 a0 a0 &0
Time [min]
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METHOD OF DEAL AND BEYLER

Fe® gy SFPE Handhooh of Fle Poeclon Engitearing, 37 Editb, 2002, Pagg 3-173.

Hea Transfer Coefficent Calculation

b =
M heare

by =

Oavwkped D fartetp
tx = heattransfer coefficient (k'ull'.l'rn:- [}
kpe = intarior zonstruction thermal ineria ﬂc'tlll'.l’rn:-lv(']:-s e

(athermal property of material responsible for the rate oftemperature ris &)
4 = thickness of interior ining {m)

o.oeT KWimT-k

Arem of Compat ment Bhdosing Suface Boundaries

2aFam

2w e k) + 20h o ) + Zihex L)

Compartment Hot Gas Layer Temperature With Forced Yertilaion

ATy = 0/ (m ot hefr

M here

a= ambient air temperature (K]

0= heatrelease rate of the fire (A
m= compartment mass we ntil ation flow rate (kg'sec)

o = specific heat of air (kS g K)
ty = comvective heat trarsfer coefficient (k'l.l'l.l'.i'm:-K'j
A= total area of the compartment enclosing = urface boundaries (m:j

ATy =Ty- Ta= upper layer gas temperature rise above ambient (1)

Tirne After lgnition [t ] bk AT, Ta Ty Ta
{miny zec) (/i -1} L] L] ] °F
u] Ju] - - 233.00 25.00 77.00
1 =] 007 22488 522 .88 248858 451 44
2 120 0.05 305.06 EO03.06 006 E2E.11
3 120 0.04 362.51 BE0.51 =T A T2852
4 240 0.03 40235 TOE.35 43335 21203
il 00 003 445.91 7449 47151 2144
10 [Saln] 0.0z 58370 281.70 EOS 70 112767
15 00 0.0z E75.27 97327 o027 125248
20 1200 0.0z 74493 104293 TESA3 1417.87
25 1500 0.01 201.34 1093.24 22634 1519.42
30 1800 0.01 24273 1145.73 27373 1604.83
35 2100 0.01 283,74 1187.74 91474 1E758.53
40 2400 0.01 92574 122374 95074 174333
45 2700 0.01 957 .84 1255.84 Se2ad 1801.11
a0 2000 0.01 9878 1284 .72 101178 1853.21
55 3300 0.01 101312 131112 103812 130062
50 ZE00 0.01 1037 .27 1335 27 1062 27 1344.09
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Hat Gas Layer Ternperature
Farced “wEntilation - Deal and Beyer hiethod

2500

o 2000
.

2 150 R e

E 1000 f’_,-
1]

1] 10 m a0 40 50
Tirme (min]

<11}

Hot Gas Layer Temperaure
Farced “Wentilaton

1] 10 m a0 40
Time (min])

Al

M

The alwe caknlaton: ag asedorprecpes ceveloped n e SFPE Hawdiook of Fle Protecton

Enicihee rhcl, 3 Edlition, 2002,

Cacrlations are bazed on el azsamptons and bave ke gt n lators. The B3l of 2ach
cakenlatboes may ormay iwothave razonabk prdbtie capablifies fora gie v satbn, avd shonkl

ol be WepEEAdDY an fmed wger,

AEbongh each cabnlaton I the spreadi bee thas bee v veried wih the reinle oThand caknlatbn,

tere kwoabsoh® quarark e ofthe acciracy of tese caknlations.

Ay e stons, comme itE, ConcE g A saggestons, oro reportan erong b e spreadkhest,

pease sendl anemall o v EOow ofm s 3o,
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